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SUMMARY
The current investigation concerns the behaviour of lightweight
blockork infill panels bounded by reinforced concrete frames. A
detailed and comprehensive review of the literature on different
frame-inf ill combinations is presented. Details are given of tests
on sixteen third-scale infilled frames and four open frames. These
were tested under two types of loading: horizontal racking loading
only and combined vertical loads on columns and racking loading.
The complete load-deflection response is considered in detail including.
initial elastic behaviour, influence of cracking and the formation of
collapse mechanisms after the attainment of peak load. The variables
investigated include the overall effects of the infill, the infill
thickness, the vertical loads, the amount of reinforcement, the change
in stiffness and strength of beams and of columns and the effect of
reinforcement detailing. Those found to have a major influence are
the vertical loads, the infill thickness, the reinforcement detailing
particularly in the opening corners of the frame, and the workmanship.
The principal parameters obtained from the tests are the initial
racking stiffness, the infill cracking strength, the ultimate load and
the plastic collapse load. Their values are compared to the available
empirical and theoretical methods. None of these methods is found to
safely predict the initial racking stiffness and the ultimate carrying
capacity of this type of structure. A plastic analysis is presented
to predict the two plastic collapse mechanisms identified in the tests.
The penalty factor to allow for idealization of plasticity of the
infill is found as part of the solution. A second penalty factor is
introduced to allow for the limited ductility of the frame. The
proposed method is found to yield satisfactory and safe predictions
xxii
for the plastic resistance of these infilled frames. In conclusion
some design recommendations are proposed for the initial racking
stiffness and the cracking infill strength.
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CHAPTER 1
INTRODUCTION
1.1 GENERAL
The high cost of land :11r11l areas has led to a rapid increase
in the numbers of tall buildings constructed during the last decades.
The necessity for these tall buildings to be designed as safely and as
economically as possible has led to extensive research progrananies
throughout the world. The vertical load-resisting capability of a
building is its reason for existence, and many methods of designing
buildings to support vertical loads have been developed. Large hori-
zontal forces must also be resisted, however, and this has necessitated
the development of methods of analysis capable of solving the problem
of providing the required lateral strength and stiffness. These may
be achieved in various ways. For a framed structure they may be
obtained by the provision of bracing members, by the rigidity of the
joints, by the provision of complete shear truss assemblies acting
in conjuction with the frame, or by the provision of shear resistant
panels. The use of bracing or shear panels becomes more important as
the height of the building increases. In the case of unbraced rein-
forced concrete frames, for instance, the dimensions of frame elements
and amounts of reinforcement become so large that this might lead to
practical impossibilities in construction.
In reinforced concrete structures, the most convenient way of
ensuring lateral stability is generally by the use of shear walls.
Three types of shear wall structures may be envisaged:
a) Shear walls: stuctures which consist entirely of wall and floor
slab elements in which the load-bearing walls resist all lateral
forces.
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b) Shear walls combined with frames: modern forms of construction
have resulted in the use of the shear wall as the principal lateral-
load-resisting member and designed as a vertical cantilever.
c) Infilled frames: structures with two heterogeneous materials,
frame and infill, working jointly to resist the lateral load.
The last type of shear wall structures is of a great interest when
the infilling panel is made of brickwork or blockwork masonry. This
type of infill which has long been used as a partition or a separa-
tor for fire protection and sound insulation purposes in a building,
has generally not been taken into consideration in the structural
design. Only its geometrical and physical properties have been
exploited to fulfil the requirements mentioned above. The main
reason for this has been a reluctance to rely on the structural per-
formance of such masonry panels due to the need for strict control
of workmanship and the large scatter in results from tests on ele-
ments of masonry. During the last decades, however, the interest
shom in brickwork and blockwork construction has led to extensive
theoretical and experimental work in this field. The aim of this
work has been the development of more rigorous methods so that the
physical properties of the masonry may be fully exploited. Thus,
the use of masonry as a bracing element in multistorey buildings has
been encouraged.
1.2 ECONOMICAL ASPECT
By considering the infill to be a non-structural element and
by ignoring its interaction with the frame in design, a significant
portion of the strength of the system is wasted. The structures may
be over designed and the full capacity of the components forming the
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structures is not exploited. All tests conducted on actual biildings
which were to be demolished and on laboratory specimens at various
scales have shown the important influence of the infilling on both
stiffness and strength. It has also been shown from tests performed
by many investigators that the composite strength and stiffness of
infilled frames are greater than the sum of the two components taken
separately. Even when the infill material contains an opening, which
may be the case in practice, it has been shown that the infilled
frame is stronger and stiffer than the corresponding open frame.
The inclusion of the infill in structural design should lead
to using less material in the case of steel frames or less reinforce-
ment in the case of reinforced concrete frames. In this latter case,
the interaction of infill and frame could lead to problems due to
shear or tension in the frame but the strength still remains higher
than that of the open frame. Thus, taking into account the infill
and exploiting its full capacity for resisting lateral load could be
expected to lower the cost of construction of many buildings, since
the whole sideswaymovement is reduced and the gain in strength and
stiffness is considerable.
1.3 AIMS OF THE RESEARCH
Since most of the work done in this field has concerned steel
frames infilled. with brickwork or plain concrete and since most of
the available theoretical methods have been based on tests carried
out on steel frames, it was decided to test reinforced concrete frames
infilled with lighweight aggregate concrete blockwork. This frame!
infill combination has been chosen for the following reasons:
(i) The infill shrinks with the frame. Thus, the infill and the
frame remain bonded together, and therefore some of the long term
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problems occurring with other fraine/infill combinations, such as the
long term expansion of clay brickwork and the shrinkage of concrete
in a steel frame, may be avoided. In effect, the expansion of brick-
work causes additional stresses with steel frames and especially with
reinforced concrete frames that shrink. The shrinkage of concrete
infills in steel frames leads to lack of fit problems.
(ii) The infill is light, cheap and a good insulator, thus it may
be used as an external wall.
(iii) This type of infilled frame is , commonly used in a large number
of countries.
(iv) Finally, the fact that very little previous work has covered
modern types of lightweight blockwork justifies its use for the cur-
rent investigation.
The analysis of a full three-dimensional frame and the masonry
under lateral loading is not an easy task. Because of the high in-
plane stiffness of the floor slabs, it is geneclly assumed that the
shear walls may be considered as two-dimensional structures subjected
to lateral loads at each floor level. All previous investigations
have therefore dealt with free standing infilled frames subjected to
horizontal racking loads simulating the effect of earthquake, blast
or wind. The horizontal loads due to these phenomena are actually
of a dynamic nature. However, the different national codes treat
the last type as a static loading, and since behaviour under static
loading must be fully understood before dynamic loads are considered,
this investigation has been restricted to the consideration of stati-
cally applied loads.
The objectives of the present work are:
-
(i) To investigate complete load/deflection behaviour from initial
elastic response through peak load and following post-peak behaviour
through to final collapse.
(ii) To identify modes of behaviour and, in particular, modes of
structural collapse.
(iii) To evaluate critical structural parameters such as initial
racking stiffness, loads at which cracks form in the frame and the
infill, peak loads and 'plastic' collapse loads.
(iv) To investigate the influence on these parameters ' of various	 -
likely design variables such as;
- frame member dimensions and reinforcement
- infill thicimess
- effect of vertical loads on columns.
(v) To compare these parameters with the predictions obtained
from existing empirical and theoretical methods.
(vi) To consider the results in relation to the limit state
approach and. odevelop suitable analytical techniques and recom-
mendations for design.
1. 4 INTRODUCTION TO THE EXPERIMENTAL PROGRAMME PERFORMED
Because of the high cost of any research, and because full-
scale structures are time consuming and necessitate a lot of space
in laboratory, it was decided that a scale of approximately 1 : 3
should be adopted. Three square infill panels made of lightweight
aggregate concrete blockwork of three different thicknesses have
been used in combination with five different reinforced concrete
frames with square and rectangular sections, to investigate the
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effect of the different parameters selected for the purpose of this
research. The lightweight aggregate blocks used here may be taken as
being representative of the general range of building blocks in use.
A total of four open frames and sixteen infilled frames have
been tested. Two open frames and eight infilled frames have been
tested under static horizontal racking loading applied in the plane
of the frame. The other two open frames and eight infifled frames
have been tested under combined loading (vertical loads on the col-
umns plus horizontal racking load applied in the plane of the frame).
Two of the infilled frames in each group have been made identical to
check the repeatability of the test results. The full details of
this experimental programme are given in Chapter 3.
1.5 STRUCTURE OF THE THESIS
Chapter 2 contains a review of previous experimental and theor-
etical work in relation to infilled frames or shear walls built
inside a frame. The experimental work carried out for this project
is described in Chapter 3, which gives details of the specimens
tested, the materials used, the methods of construction and curing
and the terminology adopted for the specimens. The instrumentation
used, the setting up and testing procedures and the control and sub-
sidiary tests carried out are also described in detail. The presen-
ting and discussing of the results and consideration of the effect
of the different variables are given in Chapter 4.. The comparison
of the principal parameters obtained from the tests with the predic-
tions obtained from existing empirical and theoretical methods is
made in Chapter 5. The analysis for the plastic collapse mechanisms
identified for the infilled frames tested is presented in Chapter 6.
Finally, the general conclusions are presented in the last chapter.
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CHAPTER 2
LITERATURE REVIEW	 -
2.1 INTROUDCTION
2.1.1 General
Since 1948 the topic of the contribution of the infill to the
horizontal racking stiffness nd strength of an infilled frame has
been the subject of -separate investigations at various institutions
thcioughoutthewor1d. The first major investigation was started by a
team of engineers led by Polyakov , 2 in the U.S.S.R. Many inves-
tigators have followed the path since then. The different rQsearchers
who have dealt with the behaviour of such composite structures have
admitted the complexities and the difficulties encountered when trying
to formulate either theoretical or empirical solutions. The variables
affecting the behaviour of such structures are numerous and complex
to formulate in mathematical form. Theoretical and empirical methods
have been proposed to predict the behaviour of infilled frames both
in the pre-cracking and post-cracking stages. In the pre-cracking
stage, emphasis has been placed on predicting the lateral stiffness
and the load causing the first crack in the infill. In the post-
cracking stage, efforts have been made to predict the strength of the
infill and the ultimate carrying capacity of the structure.
It was Polyakov, 2 and his team who first introduced one of
the most widely adopted idealizations of infilled frame behaviour,
the concept of the diagonal strut. Observations of tests showed that
the infill tends to separate from the bounding frame in the region of
the unloaded corners as indicated in figure 2.1 and this led to the
proposal that the action of the infill panel could be represented by
diagonal band of material acting in corupresalon between the loaded
corners, as also shown in figure 2.1.
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infilled frame
	 equivalent frame
Figure 2.1 Idealized representation of the diagonal strut concept
2.1.2	 Classification of Methods
The method of tackling this complex problem differed from one
author to another. Basically, the work published up to 1983 may be
split into three categories:
(i) purely experimental investigations;
(ii) experimental investigations leading to empirical predictions;
(iii) theoretical investigations.
The first category concerns tests carried out both on actual build-
ings which were to be demolished and laboratory work on models at
various scales up to full size. Results have generally been presen-
ted in the form of load-deflection curves of infilled frames and
similar open frames. These showed that the infill greatly enhanced
both the initial horizontal racking stiffness and the horizontal
racking strength. No attempts to produce theoretical analyses or
empirical formulae were made. The main reason for this was that
the number of tests was small. Some authors, however, compared
their test results with the predictions of various existing analy-
tical methods. The second category concerns experimental investi-
gations which produced empirical predictions for lateral racking
stiffness and strength of infifled frames. To produce these
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empirical equations a large number of tests on models and/or full
size structures were needed. The third category comprises investi-
gations whose primary aim was to develop a theoretical approach to
predict the behaviour of the composite structure consisting of the
infill and frame working jointly. These theoretical investigations
were usually checked against experimental test results, either pro-
duced by the author concerned or resulting from previous investiga-
tions.
2.2 PURELY EXPERIMENTAL INVESTIGATIONS
2.2.1 Full Scale Tests
Early work on full scale concrete encased steel frames infilled
with brickwork and blockwork (both hollow clay blocks and clinker
blocks) with and without openings was carried out by Thomas [3]. The
specimens were subjected to a horizontal racking load and were rest-
rained at the top of the windward column. Only the measured load-
deflection graphs were reported. One open frame was tested for
comparison. The maximum racking load sustained with a 114 mm brick
infilling was 2.6 times that of the open frame. The 76 mm clinker
block and hollow clay block infillings increased the strength respec-
tively by factors of 1.75 and 1.5.
Further full scale tests were carried out by Ockleston E4J on
two three storey single bay reinforced concrete frames with brick
infill walls. These frames formed part of the old dental hospital in
Johanesburg which was being demolished in 1952 after ten years of ser-
vice. They were subjected to a horizontal load applied at the corner
of the top beam of the top floor. The load-deflection curves showed
that the infilled frame was 5 times stronger and 3 times stiffer than
the corresponding open frame.
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In 1965, a small power station building was to be demolished.
During the demolition, two reinforced concrete portal frames were
tested by Read [6] to failure by applying a hoirzontal load at the
roof level. The infill consisted of concrete-block masonry, windows,
arid a secondary system of concrete beams and columns which were not
continuous with the main frame. The frame with infill was 7 times
stronger and 8. 6 times stiffer than the corresponding open frame.
L. G. Sirnins [7] continued the experimental investigation star-
ted at the B.R.S. (Building Research Station) by Thomas 13]
Results of tests carried out on full-scale single stormy reinforced
concrete frames infilled with no fines concrete were reported. Two
infilled frames were tested under combined loading. A small uniform
loading (29KN/m) was applied on the top beam by means of four hydrau-
lic jacks and maintained constant during the subsequent application
of the racking load. The windward column was restrained at the top.
One frame had its columns prestressed prior to testing. An open
frame was tested for comparison. The presence of the infill was
found to change the position of the plastic hinges (away from the
junction of the beams with the columns) and therefore increased the
theoretical strength of the frame by 23%. This was defined as the
strength of the frame acting compositely. The strength of the infill
acting compositely was estimated by the difference between the
strength of the composite and that of the frame acting compositely.
The modes of failure of the frames and the infill were not discussed.
Only the propagation and the widths of the cracks were described.
The specimen with prestressed columns was 3.4 times stronger than the
open frame, and the other 2.7 times stronger. Toe only effect of
prestress commented on concerned the increase in strength.
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2.2.2	 Model Tests
Test results of 26 tenth-scale model steel frames infilled with
concrete, with and without openings, were reported by Coull [8] in
1966. The frame members were 25 mm wide and 10 mm deep mild steel
bars and were constructed on the back to back principle. They were
tested as a beam, simply supported at its ends, and carrying a cen-
tral point load. Details about different testing procedures are
given in section 2.5.1. The prediction of the ultimate strength by
Holmes' method tis] (see section 2.3.2) were found to be roughly
double the test results. A relatively good agreement was, however,
found between theoretical predictions using S. Smith's theory E303
(see section 2.4.2) and the test results. The ratio of the two loads
varied from 0.6 to 1.1. However, the stiffnesses predicted by
S. Smith's approach were found to be much higher. The ratio of the
experimental values to the theoretical ones varied from 0.46 to 0.56.
For the range of infilled frames tested, the only mode of failure
observed was due to crushing of the infill at the end of the corn-
pressionH diagonal, either simultaneously at each end, or else at
the loaded end. The increase in strength and stiffness of the open
frame, due to the infilling, varied from about 4. to 15, and about 40
lo70tixnescpectively. It was concluded that the simple equivalentsb
technique was a reasonable toolforthe predictions of strength and
stiffness, although high degrees of accuracy could not be expected.
Using larger scale models (1 : 3) and adopting the same testing
procedure as Coull E8,St.Mal1ick et al E9J reported test results on
nine reinforced concrete frames infilled with brickwork. The vari-
ables studied were the mortar mix and the panel proportions
(./h = 1, 1.25 and 1.5). The mortar mixes used were 1 : 3, 1 : 4
and 1 : 6 (cement : sand). Two modes of infill failure, bond shear
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failure and tensile failure, were observed depending on the mortar
mix. The first mode was observed for a mix of low cement content
(1 : 6). Very little agreement was witnessed between the test results
of strength and stiffness and those obtained according to the theories
of Smith 6:J and Mainstone [20] (see sections 2.3.4 and 2.4.2). The
first theory overestimated the strength except for specimens which
failed by bond shearing. The range of discrepancies varied from 105
to 203%. The second was found to overestimate the strength for 1 : 6
brickwork, which failed in , the tests due to bond shear, whereas it pre-
dicted failure in the tensile and compressive modes only. S. Smith's
predictions for the lateral stiffness were found consistently higher
than those obtained experimentally to the extent of 1.29 to 1.59 times.
On the other hand, the values obtained by Mainstone t s.approach were
very mush smaller ranging between 46 to 61% of that measuredinthe tests.
The infil]. was found to increase both lateral stiffness (4.6 to
11.5 times) and lateral strength (2.7 to 6.9 times) of the correspon-
ding open frame. The overall strength and lateral stiffness were
also found to increase with the lengths of the panels. For instance
the increases observed between a square panel and a rectangular panel
(9.../h1 = 1. 5) were of the order of 59% for stiffness and 29% for
strength. It was concluded that the separation between the frame
and the infill did , not take place for 1 : 3 and 1 : 4 brickwork and
that for 1 6 brickwork this separation was confined to relatively
small lengths. The final conclusion was that slip at the interface,
for which the maximum recorded value was of the order of 0.18 mm
inclusive of the deformations ithin the gauge length, was not likely
to have any appreciable influence on the behaviour under service load.
A discussion by T. P. Ganesan and M. Mohideen ]oj pointed out
that the stiffness calculated by Mainstone's corrected relationship
[2lJ (section 2.3.4) agreed within reasonable limits of experimental
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scatter with these authors' test results.
A scale of 1 : 3 was also used by Irwin and Afshar [ii] in their
tests on six identical reinforced concrete franes each infilled with a
different combination of materials. The mI ills comprised combinations
of lightweight concrete block and expanded polystyrene with coverings
of plain micro-concrete, micro-concrete reinforced cement and steel
fibre reinforced micro-concrete. The specimens were subjected to
in-plane cyclic loading. The lower beam was anchored to the test rig.
The column adj acent to the application of the horizontal loading was pre-
vented from lifting by application of a vertical load acting through
machined bearing plates and rollers. On reversal of the horizontal
loading, the vertical loading system was moved to act on the other col-
umn and with each reversal the test units were forced to display greater
ductility than the previous loading. The relative ductilities, strengths
and elasto-plastic cyclic load capacities of the units were compared.
It was concluded that the best unit tested was that in which the
cladding was reinforced by two layers of steel mesh each side in 15 mm
of micro-concrete. That unit was found to retain its geometry even
after having been damaged. It was also concluded that the cladding
applied to an infill radically affected the strength, stiffness and
ductility of the unit. The increase in strength brought by the clad-
ding varied from 41 to 127%. The failure modes for the frame and the
infill were not discussed. Only the shapes of frame distortions and
crackings in frame and infill were schematically represented.
Using the same scale (1/10) and the same type of frames (steel
frames made of flat bars) as did Coull [8], but adopting a different
type of loading (diagonal), Saneinejad [ia] carried out a large num-
ber of tests on square steel frames infilled with micro-concrete and
a sand/browning plaster mix. The reason for using the second type of
infill was to enable him to cover the full range of the relative
stiffness parameter, Xh, from 3.1 to 15.2 and the relative strength
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parameter, m, from 0.009 to 1.190. These paranieters were first
introduced by S. Smith 10 (see section 2.4.2) and Wood 14l (see
section 2.4.5) respectively. The frames were fabricated using rigid
welded connections. Two open frames were tested for comparison. The
test results were compared to the predictions formulated by S. Smith
Mainstone [20 (see section 2.3.4) and Wood E4'J.
The graphical comparison showed that the experimental coinpres-
sive load agreed with the predicted one using S. Smith's method for
Xh ranging between 6 and 10. For higher values of h, the experi-
mental load was 10% higher and for lower values of Xhh, it was 17%
lower. Mainstone's method gave higher values (28% for Xhh = 7 and
about 14% for Xh = 4). A good agreement was found using Wood's
method for values of rn between 0.05 and 0.35. The predictions were,
however, 12% lower for strong infill (inn = 0.05). The agreement for
lateral stiffness was found to be less satisfactory. For Xhh
between 3 and 8 the test results laid between S. Smith's curve and
Mainstone's. The first being higher because the width of the diag-
onal strut was approximately 3 times that of Ma.nstone's. It was
concluded that the infill increased the lateral stiffness by a factor
of '7 to 300 and the strength by approximately 1 to 25.
2.3 EMPIRICAL PREDICTIONS
2.3.1 Benjamin and Williams
Benjamin and Williams [13 carried out extensive experimental
work on large and model scale reinforced concrete frames iitfilled
with plain and reinforced concrete. The geometrical scale varied
from -- to --. The specimens were tested as vertical beams (fixed
base and racking load applied at the top corner of the surrounding
frame). Although theoretical investigations were conducted based
on a simplification of a lattice analogy method during the experimental
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programme, it was concluded that the results were no more accurate
than those given by a simpler strength of materials approach. The
parameters investigated were the scale effect, the panel propor-
tions, the column strength and the panel reinforcement. No scale
effect was observed from the test results. It was concluded that if
this latter were present, it was hidden by the general scatter of
results. The observed modes of failure were by tension in the wind-
ward column, shearing of the leeward column, cracking around the
perimeter of the infill, and cracking along, and parallel to, the
compression diagonal of the infill.
The width to height ratio of the panel was found to have a
pronounced influence on the ultimate strength and stiffness. As
this ratio increased, the load at first crack or at a major break
in the load-deflection graph approached the ultimate load. For the
specimens tested, the two loads agreed approximately at an 9±/h of
three with unreinforced panels, and approximately at four for the
reinforced walls. The lateral stiffness was predicted by using the
simple strength of materials approach. The shear wall being consi-
dered as a vertical cantilever and the shear distortions were assumed
to be taken by the wall only. It was suggested that the load causing
first crack in the panel should be taken as the failure load of the
wall neglecting steel and columns. As for the ultimate load and
deflection, these were predicted empirically.
In 1958, they Q4 reported results from a further series of
tests carried out on large size and model brick walls bounded by
steel and reinforced concrete frames. The same testing procedure
was adopted as for the previous series of tests. The bounding frames
were designed to have a higher strength than the masonry panel. That
is, the tension column steel was not placed in yield by the largest
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load attained in these tests. The infill panel cracked before the
compression column sheared off at the foundation. A total of twenty
shear walls having a brick panel and a reinforced concrete frame
were tested together with two full size brick walls enclosed by a
steel frame, and two model scale brick walls without bounding frames.
The various parameters investigated, in addition to scale effect,
were length to height ratio, brick size, frame effect (variable con-
crete area and variable steel area). The following conclusions were
drawn from these tests. The length to height ratio was, as previously,
found to have an important influence on both strength and stiffness.
The brick size was reported to be unimportant. The variations in
column steel and concrete area did not influence the stiffness in the
uncracked range insofar as could be determined experimentally.
As in the investigation of concrete infills, the lateral stiff-
ness of the system was related to that of the infill panel only and
the calculation was based on the simple strength of materials approach
where only shear deformations in the panel were considered. Unlike the
concrete infill, the brickwork panel was found to fail in shear. The
cracking strength was determined from tests on couplets of bricks with
the angle between the line of application of the load and the mortar
joint, varying from 0 (pure tension) to 1350 (compression and shear).
The limited investigation of bond strength in combined stress indic-
ated that a 1200 test gave a good index of the quality of a particular
couplet of masonry. The shear strength of the couplet was then used
for the whole panel with a reduction factor, termed the workmanship
factor. This latter was found to vary between 0.6 and 1. In deter-
mining the shear strength of the infill, the contribution of the
frame was neglected. It was concluded that test results depended to
a great extent on the quality of workmanship.
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2.3.2 Holmes
Taking up Polyakov's.proposal [1, 2] of the diagonal strut
concept, Holmes 5] carried out four tests on one-sixth welded
steel frames infihled with concrete. Although the specimens were
subjected to horizontal loading, the analysis was conducted for
diagonal loading. The width of the strut was suggested to be taken
equal to one-third the diagonal length of the infill. This "one-
third" rule was suggested as being applicable irrespective of the
relative stiffness of the frame and the infill. Only compressive
mode of infill failure was considered. The deformation and strength
were then predicted by an elastic analysis of the equivalent frame.
The prediction of the strength was based on the assumption that the
infill was to fail at a predetermined average diagonal strain depen-
ding upon the material. The strength of the composite was taken as
the sum of the strength of the frame and that of the diagonal strut.
In addition to the tests carried out by the author, test
results of eight full-scale concrete encased steel frames infilled
with brickwork reported by Wood 63 and one full-scale steel frame
infilled with brickwork reported by Benjamin and Williams [14J, were
checked against theoretical predictions. Good agreement was found
between theoretical and experimental results. The maximum variation
between theoretical and experimental failing loads was 14.% with the
majority of values well below this figure. It was concluded that the
theorectical defleciton at ultimate load was generally much lower
than the experimental deflection. The theoretical deflection seemed
to correspond to the measured deflection at some point between 90 and
100% of the ultimate load. This is hardly surprising, since the anal-
ysis assumed a linear elastic response up to failure.
In 1963, Holmes [17] proposed a seni-empirical method to predict
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the deformation and strength of single storey infilled frames sub-
jected to vertical loading applied to the middle of the top beam.
Two specimens were subjected to combined loading (vertical load on
the top beam plus hozontaJ. racking load). The ultimate strength
was found to be smaller (-13%) when the two loads were applied simul-
taneously. In the same paper, he also presented a method for pre-
dicting the behaviour of two storey infilled frames subjected to
horizontal loading. This was based on his previously used concept
of the equivalent diagonal strut.
2.3.3	 Fiorato et a].
Fiorato et ml l8J described in their report a total of
twenty-seven tests using eighth-scale models of reinforced concrete
frames infilled with masonry walls (small scale clay-bricks and mor.
tar). Eight single- storey single- bay, twelve five- ste rey single- bay
and six two-storey three-bay infilled panels were tested. One five-
storey single-bay frame was tested with no filler walls. The single-
storey specimens were subjected to lateral load at the mid-span of
the top beam to simulate the transmission of the load through floor
slabs of a building. In the five-storey specimens equal loads were
applied at the third point of each beam. In the two-storey specimens
80% of the total load was applied at the mid-span of the top beam,
10% was applied at the mid-span of the middle first-storey beam and
10% was applied at the mid-span of the outside first-storey beam (on
the tension side of the specimens). They claimed that the particular
application of loading was justified and realistic to simulate the
earthquake effects. The specimens had fixed bases. Because of the
method of fabrication of the test specimens, no gaps between the wall
and the frame were expected. Both frame and wall were assumed to
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participate in transmitting the load through the structure. It was
assumed that the wall carried most of the shear as in the web of an
I section.
Two modes of infill failure were observed, flexuraJ. failure
mechanism and shear failure mechanism. The load causing flexural
cracking was calculated based on the elastic flexure formula assuming
a linear distribution of strainz throughout the cross-section. An
identical modulus of elasticity was assumed for the frame and the
infill. The infilled frame was, thus, considered as a vertical can-
tilever with the critical section at the base. The calculation of
the shear cracking load was governed by the shear capacity of the
masonry. The panels were assumed to act as isolated elements loaded
diagonally. The bond shear strength and the coefficient of friction
found from tests were respectively 0. 48N/mm' and 0. 46. Using the
same procedure as Benjamin and Williams 4], the shear strength was
assumed to follow Coulombts law 1' =
	
+	 where f is the shear
strength, b the bond shear strength, G the normal stress and p the
coefficient of friction. Then the horizontal and vertical reactions
resulting from the diagonal loading were used to express the average
shear and normal stresses at the centre of the panel. These stresses
were substituted in the basic relationship to derive the shear strength
of the masonry.
The initial response was found to be that of a verLcal canti-
lever. The system behaved, essentially, as a beam until the wall
developed shearing cracks which were idealized as horizontal. When
these cracks did not form, the capacity of the frame-wall system
developed as a beam failing in flexure. Following the initiation of
shearing cracks, the load-deflection characteristics of the frame-
wall system were calculated using the knee-braced-frame concept as
- 19 -
shown in figure 22.
	
The calculation of ultimate load was reduced
to determine the load necessary to develop the yield capacity of the
braced columns. In addition to the height (number of storeys) and
width (number of bays) the controlled variables were the amount of
reinforcement in frame members (1.1%, 2.2% and 3.4%), vertical loads
on the columns, which were maintained constant during the test while
the racking loads were increased, and the presence of wall openings.
The increase of amount of reinforcement in the columns resulted
in an increase in strength and stiffness of the structures (a maximum
increase in strength of 135% was observed for the five-storey speci-
mens). The application of vertical loads on the columns not only
stiff ened and strengthened the columns, but also increased the shear-
ing capacity of the walls and increased the ultimate load (45% for
the two-bay specimens). Openings in the walls decreased the strength
and the stiffness of the structure and affected the location of the
brace length. The amount of reinforcement in the columns was seen
to affect to a great extent the sequence of failure. Specimens with
larger amounts of reinforcement were more likely to develop the
shearing capacity of the wall prior to yielding of the frame reinforce-
ment. The ratio of observed to ultimate loads calculated using the
knee-braced-frame concept varied from 0. 91 to 1. 80. The agreement
between observed and calculated cracking loads was good for the
single-storey single-bay specimens, but the ratio of observed to
calculated loads varied from 0.75 to 1.0 for the five-storey speci-
mens and from 0.58 to 1.28 for the two-storey two-bay specimens.
2.3.4 Mainstone et al
Further tests on model scale structures were carried out by
Mainstone et al 9-2lJ. The investigation was conducted for
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infilled frames under full range of restraint offered to an infill
by different types of surrounding frames. These were made of steel
with square and I sections, light and heavy concrete encased steel
and steel with stiffening plates to simulate the action of adjacent
infills. The infill panels consisted of model brickwork and micro-
concrete with and without reinforcement. The geometrical scale of
the infilled frames tested was 1 : 6. Some unframed walls, two-bay
single-storey and two-bay two-storey were also tested. The specimens
were loaded within a stiff outer frame in such a way as to give, in
effect, a diagonal compression. Early full-scale tests conducted at
the B.R.S. J3, i6J and one more full-scale with stiffened plates
added to the frame served as control. The variables investigated
were numerous and included the reinforecment of the infills made of
micro-concrete, repeated loading, a gap of 1.5 nun left deliberately
along the top of model brickwork infills, the strength of the joints,
which were riveted or welded, the frame stiffness and the panel pro-
portions.
The parameter found to have the greatest influence on the
behaviour of such structures was the relative stiffness of the col-
umns to the infill, defined by the parameter A,h. The approach to
the analysis of the strength and stiffness was based on the concept
of the diagonal strut as originally suggested by Polyakov , 2J.
The effective width of the diagonal strut was not constant, as
suggested by Holmes f5], but varied with the level of loading.
Three distinct widths were defined as illustrated in figure 2.3.
The first, W'ek was defined in the initial linear part of the load-
deflection graph to predict the lateral stiffness. The second,W',
for predicting the cracking strength of the infill (only tensile
failure load was considered) and the third, W', for predicting the
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compressive strength of the infill. From test results, design
charts and empirical equations were derived to give the effective
width of the diagonal strut in relation to).hh for the three stages
of loading. These empirical relationships were altered a first time
in 1974 [2 and their definitive forms were published in the dis-
cussion to Wood's paper [46] (section 2.4.5) after correcting an
arithmetical error in the conversion to S.I units of the stiffness
of the columns and beams of the stiffest frames.
A very big scatter was observed between identical specimens or
specimens with approximately the same relative stiffness, Ahh. For
model brickwork infilled frames, for instance, the maximum variation
was of the order of 900% for stiffness, 1100% for cracking strength
and 280% for compressive strength. The design charts were, however,
drawn towards the conservative side and passed through the regions
where there was a concentration and a relatively smaller scatter of
the test results. It was suggested that for design purposes, the
horizontal racking stiffness and the composite strength up to first
crack could be taken as those of the infill alone, because the load
carried by the frame at the deflection which produced the first crack
was usually small. Similarly it was suggested that the frame contri-
bution could be ignored when estimating the composite ultimate strength.
For brickwork infill, it was suggested that a conservative value for
the effective width (w = 0.ld., where d. is infill diagonal) should
be used to predict the cracking and compressive strengths of the infill.
2.3.5 Kadir and Hendry
This work included the development of an approximate analytical
method but since this is based on empirically determined values for
the lengths of contact, the work has been included in this section
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rather than in . section 2.4. Using a scale of approximately 3 to 3
and adopting the back to back testing procedure as used by Coull 83
and Mallick et al [93, Kadir [22] carried out a large number of tests
on square and rectangular brickwork panels bounded by mild steel
frames. The test results were also reported in a paper published
with Hendry [23] and a summary of Kadir's . sirnplified theory was also
reported by Hendry fiJ. One-third-scale model bricks were used for
the construction of the walls. Two types of mortar were used for
laying the bricks. The first was 1 : 3 by weight, the second was a
modified mortar, obtained by adding 40% of revinex 29Y40 on the
cement weight, to give high bond strength. The f c-arre.; were
made of mild steel rectangular section of 38.1 mm width with varying
thicknesses ranging between 12.7 mm and 25.4 mm. The infill was
built inside the frame with and without a gap at the top of the wall.
The parameters, found to have a direct influence, were the
height to length ratio of the panel, the frame stiffness, the lack
of fit and the rigidity of the joints. Separation of the infill from
the frame, except in the vicinity of the loaded corners, was observed
only for the inf ills laid in 1 : 3 mortar, and was found to occur at
a load of about 10 to 20% of the load causing the first shear crack
inside the infill. Sliding of the infill along the frame members
was observed in some walls. Two modes of infill failure were observed,
diagonal shear crack and crushing of brickwork at the loaded corners.
In the case of rectangular panels, the crack was almost horizontal.
In the analytical approach, the infill was cmsidered to behave
as a diagonal bracing member in compression after the separation had
occurred and up to the occurrence of the first shear crack. The
width of the diagonal strut was related to the experimental lengths
of contact against the beams, a, and the columns, a. These were
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found to be close to the curves	
'h = '2h and
	 =	 The
effective width was then defined as w = 	 +	 as shown in
figure 2.4.	 The use of the diagonal strut concept was suggested
as being suitable to estimate the lateral stiffness of the equivalent
structure. The diagonal strut was assumed to be pin-jointed at the
corners and under uniform compressive stress over the effective
width, w. The reactions exerted by the inf ill upon the frame along
the lengths of contact, and the consequent change in mode of frame
deformation were neglected. The width of the diagonal strut was in
fact related to both relative stiffnesses of beams and columns and.
the infill, whereas Mainstone 9] related it only to Xh and Holmes
[lsj had ignored the importance of the relative stiffness and sugges-
ted a constant width of O.3cj1.
The cracking strength of the infill was estimated by expressing
approximately the average shear and normal stresses at the centre of
the panel and using the basic relationship for shear strength
+ jia as did Benjamin and Williams	 4J and Fiorato et al E18TJ.
Kadir did, however, take into account the frame infill interaction by
considering the equivalent frame shown in figure 2. 5 and using
earlier work by Seddon 5J on partially loaded concrete walls to
express the stresses at the centre of the panel. These stresses
were substituted in the basic relationship ' =
	
+ iio to derive
the cracking strength of the infill. After cracking, the assumption
was made that crushing failure of the equivalent diagonal strut took
place over the effective width, w. The load carried by the infill
was obtained by assuming a linear distribution of contact stresses
over a length of column equal to wcosOas shown in figure 2.6.
The maximum stress occurring at the edge was taken equal to the
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ultimate compressive strength of the infill material, f. 	 Thus
the ultimate load taken by the infill was f. twcosO. Kadir has
c:i
carried out an elastic analysis to obtain a relationship giving the
percentage of the total lateral force applied to the frame-wall sys-
tem carried by the wall, in terms of Ahh. The frame was assumed to
remain elastic.
For the post-cracking range, Kadir proposed to add to the ulti .-
mate capacity of the wall that of the frame at the deflection,
corresponding to the maximum load in the brickwork. This deflection
was difficult to assess, but as an approximation based on experimen-
tal results, was calculated on the basis of an assumed brickwork
strain at failure of 3,000ps. Design charts were derived in terms
of hh to give the lateral stiffness of the composite system, the
percentage of the total lateral force carried by the wall up to
cracking, and the ulELmate strength of the composite. An additional
design chart for the cracking strength of the infill was derived in
terms of ? ,2. These charts covered square and rectangular panels
up to 2). Comparison between Kadir's approximate theory and
the results of tests covering a range of values of Ahh and
between 2 and 10 showed that a good agreement existed between
theoretical and experimental results. For the ultimate strength,
for instance, the ratio of the two loads varied between approximately
0.8 and 1.1. The predicted ultimate loads using Holmes [l5 and
S. Smith 6J (see section 2.4.2) methods were found to be much
higher. The ratio of theoretical to experimental loads varied from
1.1 to 3.6 for the first, and from 1.3 to 2.1 for the second. Com-
parison was also made between the predicted cracking strengths and
those obtained from early full-scale tests carried out by L. G. Siinms
f6J and Benjamin and Williams t'4J . The theoretical to experimental
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load ratio varied from 0.8 to 1.3.
Kadir also carried out tests on models with various sized
centrally placed openings in a square infilled panel. The load at
first cracking was reduced by approximately 50 to 80%, and the ulti-
mate load by 0 to 40%, as compared to a corresponding frame without
openings. Kadir suggested an approximate method of analysing infilled
panels with openings in which the panel is replaced by a diagonal mem-
ber of equivalent stiffness. The stiffness of this diagonal was cal-
culated by considering the brickwork as a frame as shown in figure 2.7.
To this stiffness was added that of the frame.
2. 3. 6 l(Mallick and Barua
The experimental investigation whose first results were pub-
lished in 1975
	
and which was reported in section 2.2.2 was carried
on a stage	 Six more specimens with
£Jh. = 1.125 and 1.375 were tested and six out of the nine early ones
were repeated. Thus, these experimental investigations covered a
total of twenty-one third-scale reinforced concrete frames infilled
with brickwork constructed and tested back to back. The major obser-
vationsfromtests were that neither separation, nor slip did occur at
any stages of loading. Whereas these two phenomena were reported to
have occurred for steel frames infilled either with concrete or brick-
work by the different authors who tested these types of infilled
frames. As in their previous investigation [9J the infill failed
either by tension or bond shear depending on the strength of the mor-
tar mix. The parameter found to have a major influence on the beha-
viour of such structures was the relative stiffness of the columns to
the infill, A,1h. Thus, the empirical equations derived for lateral
stiffness, tensile and shear strengths were related to
	 The use
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of the empirical equations was suggested as being accurate enough
for predicting the lateral stiffness and strength of the composite
system. For the specimens tested, the predicted to experimental
values ratio varied from 0.9 to 1.05 for lateral stiffness, from
0.82 to 1.15 for tensile strength and from 0.94 to 1.02 for bond
shear strength. From the stress diagrams, the total shear force at
the base of the infill was estimated to give the separate contri-
bution of the infill in terms of A sh. The variation in strength for
the six pairs of identical specimens ranged between 2 and 23%.
2.4 THEORETICAL INVESTIGATIONS
2
.4.1	 Sachanski and Barua and Ma11ç,S.K.
Sachanski E28] analysed the contact forces between the frame
and the infill by assuming their mutual bond to be replaced by
thirty redundant reactions. These were determined by forming and
solving the equations for the compatibility of displacement of the
frame and infill. A continuous bond at the interface between the
frame and the infill was assumed. It was supposed that the continu-
ous bond at the interface could be effected by transmission of normal
and shear forces atafinitè number of connecting points. The joints
were cut and their action was substituted by the action of the redun-
d.ant reactions. The plane-stress problem of the infill acted upon
by a single concentrated unit load was then solved, by use of finite
differences, with the unit load acting in turn at each joint in the
separate directions of the normal and shear force at that joint.
Corresponding 'unit' solutions were obtained for the frame.
Using the condition of compatibility of displacement at the joints,
a system of simultaneous equations, equal in number to the number of
unknown forces, was obtained. Its solution produced the values of
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the two forces at each joint, defining, thus, the character of the
stress in the contact zone. From the stress analysis, the critical
region was found to be the centre of the Infill. The failure criterion
was then to equate the principal tensile stress at the centre of the
infill to the tensile strength of the infill material. This load was
defined as the ultimate load. The derived equations for tensile
strength included the effect of a possible opening in the infill. It
was concluded that the load would be distributed between the frame
and the infill according to their stiffness. This contribution was
based on the equality of deformation of the frame and the infill.
In the same paper, Sachanski described tests on twenty-six half-
scale reinforced concrete frames infilled with brickwork, made of
mortars of different strengths, with arid without openings. The
experimental investigation also included large-scale reinforced
concrete frames enclosing brickwork and concrete infills, and the
destruction of a disused five-storey building. The specimens were
subjected to a horizontal racking load and the windward column was
restrained at the top. A good agreement was found for full-size
tests. The observed to calculated tensile strength ratio varied
from 0.7 to 1.1 with the majority around 1.1. The observed values,
for the models, were 20 to 30% higher than the predicted. It was
concluded that this discrepancy could be due to the scale modulus.
The approach suggested by Sachanski was later on taken up byG.V..
Malhick and Barua [29]. The theoretical analysis, however, included
the effects of separation and slip. The theory was checked against
results of a large number of tests carried out on approximately 1th
scale steel frames infilled with mortar. The specimens were tested
back to back. Two modes of infill failure were observed, diagonal
cracking and corner crushing. The lengths of contact against beams,
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a,and coluinns,% were found to vary with the loading. The theoret-
ica.l analysis was found to provide good agreement with the test
results. The ratio of experimental to theoretical values varied from
0. 8 4. to 0.95 for stiffness and from 0.88 to 1.06 for the cracking
strength of the infill. The agreement between the theory and the
experimental results encouraged the authors to propose simple
expressions, based on the test data, for lengths of contact at two
stages of loading 	 = and 1, lateral stiffness, load causing
first crack, ultimate load and share of load between the frame and
the infill. These equations were derived in terms of 	 for
and in terms of	 for all the others.
2.4.2	 Stafford Smith et al
S. Smith and his different collaborators have carried out
extensive theoretical and experimental studies on single-storey and
multi-storey steel frames infilled with mortar and model brickwork
over a long period of years. The results were published at their
respective time of developemnt. In this section, it was thought
useful that the different papers published should be reported chron-
ologically and discussed as briefly as possible. The main changes
occurring in the approach are also reported. The first paper was
published in 1962 [36]. From preliminary tests on steel frames
infilled with mortar and tested using the back to back method, it
was concluded that the infill could be assumed to behave as a diag-
onal strut in compression as originally postulated by Polyakov t, 2.
At first, efforts were made to determine the effective width of the
diagonal strut theoretically and experimentally by diagonally testing
isolated panels.
The attempt of predicting the diagonal stiffness of the panel
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using a simple strength of materials approach (the diagonal load
being resolved into components acting along the sides of the panel
and resultant shear deflections combined to give the diagonal dis-
placement) gave poor correspondence with the experimental results.
Recourse was then made to the finite difference method to analyse
the stress distribution over the infill. The stresses and diagonal
deformations of the mull were derived to give values for the effec-
tive width of the diagonal strut for infills of different proportions.
This width was found to vary from di/4 for a square infill to dull
for an infill having a sides ratio of 5 1. It was then suggested
that the lateral stiffness of the equivalent frame with infill
replaced by diagonal strut could be calculated by conventional
methods. It was concluded that calculations of deflections based
on this approach might be erroneous because of the initial lack of
fit between the frame and the infill.
In 1966 131J, the investigation of the behaviour of diagonally
loaded square infilled frames was reported. The investigation was
theoretical but it was checked against a large number of tests on ith
model steel frames infilled with mortar. The frames were made of mild
steel rectangular sections of 13 mm width with varying thicknesses
ranging from 4.8 mm to 19 mm. The theoretical investigation was con-
ducted in the following manner. First of all, the relationship
between the length of contact, a, and the relative stiffness of the
frame and infill, A, was considered. Three approaches were adopted.
The first two assumed that a frame member was subjected to a trian-
gula.r or parabolic distribution of the reaction from the infill
acting over the length, a. The third was adopted from the equation
for the length of contact of a free beam on an elastic foundation.
Three curves relating a to	 were produced. Their closeness with the
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experimental one led the author. to adopt the third one which was exp-
ressed algegraically, = _fl_.
2.	 2A
The second step was to relate the diagonal stiffness of the free
infill to c The finite difference approach was used assuming a tri-
angular distribtuion of the, reaction of the infill acting over differ-
ent lengths of contact (
	
varying from to -a). The analysis gave
the strains along the compression diagonal. The average values of
strains were used to determine the effective width, w, of the diag-
onal strut for each length of contact. The experimental and theor-
w
etical curves relating	 to	 were not close. The latter being
consistently higher, the difference ranging from 15.2 to 60%. The
discrepancy was thought to be due to the assumption of the triangular.
distribution of reaction. The use of the experimental curve was
suggested as being accurate enough for the rest of the analysis,
The third step was to relate
	
to AQ	 = f(AZ) and	 =
4 .	 = f()) graphically. The last step was to find the correc-
ting factor to allow for the frame contribution to the overall stiff-
ness. Since the effective width was now determined, it remained to
conduct an energy analysis of the redundant system assuming again a
triangularly distributed reaction. The resulting graphical relation-
ship between	 and AQ, where P is the total load and F. the load
on the strut, showed that unless X9... was less than 5, the frame con-
tribution was negligible.
Two modes of infill failure were observed in the model tests,
cracking along the loaded diagonal and compressive failure near the
loaded corners. Th compressive failure, for the range and types of
models tested, always took place, nevertheless, this was preceded by
diagonal cracking forvalues of XQ below 9.5. The criterion for ten-
sile failure was to equate the maximum tensile stress found from the
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stress analysis, and which occurred at the centre of the infill, to
the tensile failing stress of the infill material. As for the coin-
pressive failure mode, assumption was made that the loaded corner,
bounded by the lengths of contact as shown in figure 2.8, 	 was
in a plastic state at uniform stress equal to the compressive strenth
of the infill material. The method proposed to determine the effec-
tive width of the diagonal strut was for diagonally loaded infilled
frames. Its use was, however, suggested as being applicable to
laterally loaded infilled frames. This was checked experimentally
with tests carried out on a pair of identical single panel infifled
frames, in which one was diagonally loaded and the other laterally
loaded. The test results were generally similar. In both cases the
infill behaved as a diagonal strut however, the force systems were
quite different as shown in figure 2.9.	 The same modes of infill
failure were observed, diagonal cracking and crushing of concrete at
the loaded corners.
A year later, in 1967, the analysis of laterally loaded multi-
storey infilled frames was reported r32]. The parameters found to
have the greatest influence were the relative stiffness of the col-
uinns and the infill, Ahh,and the panel proportions. The bearn-inf ill
relative stiffness, X,2..,was found to have little influence. Whatever
the beam size, the length of contact against the beam, 	 , was half
the span. The stress analysis was conducted as previously. The
width of the equivalent strut was predicted theoretically this time
in relation to h and the length - height proportions of the infill.
As before, the theoretical values were found to be 15 to 60% higher
than the experimental. These latter were adopted for the rest of
the analysis. The modes of infill failure were similar to those
under diagonal loading, and so were the criteria for determining the
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different strengths. For the post-cracking stage, an assumed plastic
region bounded by a line through the end of the length of ccitact
against the column, c, and extending to the beam in a direction per-
pendicular to the loaded diagonal, as shown in figure .2.10,. . was
used to predict the compressive failure mode. Design charts, expres-
sing the cracking and crushing strengths in terms of Xh and 	 h1,
were derived. These charts showed that the possiblitiy for rectan-
gular infill to crack before crushing depended not only on Ahh but
also on the ratio	 : hi . It was suggested that the lateral stiff-
ness of the multi-storey infilled frame could be calculated by. ana-
lysing the equivalent pin-jointed frame taking into account the axial
forces in the frame members and replacing the infills by diagonal
struts whose widths were determined from laterally loaded infilled
panels.
In the same year, in a paper published in collaboration with
Carter, S. Smith [33J reported the extension of the analysis to cover
the behaviour of rectangular steel frames infilled with brickwork.
An arbitrary diagonal load (100 units) was assumed to be triangularly
distributed over each length of contact (figure 2.11), ah against
columns and	 = - against beams . The stresses in the infill were
analysed by a finite difference approach and the analysis was repeated
for panels of different length - height proportions, each with a range
of values for the length of column contact. The rest of the analysis
was conducted as described previously. It was concluded that any pre-
diction for stiffness was likely to be grossly in error, especially
in the initial stages of loading. The reasons for that were the
inaccuracy of determining the Youngts modulus of brickwork and the
lack of fit. The use of the method was suggested as being suitable
only to indicate the order of horizontal stiffness. The infill
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failed either by diagonal tension or by shear.
The tests had shown that behaviour of brickwork was approxi-
mately linear up to both tension and shear failure and it was there-
fore concluded that the elastic stress analysis was appropriate
for predicting the panel stresses at failure. The results of the
stress analysis were used next to determine the principal shear
stresses and planes in the panel which, in conjuction with the inter-
nal friction caused by the compressive stresses and using the basic
relationship for shear strength f 	
bs 
+ licYn , provided the criterion
for predicting the shear failure of the infill. The principal ten-
sile stresses were also determined and used to predict the possibility
of diagonal tension failure. Design charts were derived in terms of
Xhh for infills of different proportions. The results of the pro-
posed methods for predicting failure were compared with a number of
published test results on masonry infilled frames reported by SLums
[32, Polyakov El] and Wood U- 6J . The theoretical to experimental
load varied from 0.54 to 2.08 with the majority of results below 1.
Further tests, on small-scale 	 to - approximately) steel
frames infilled with mortar with properties similar to medium strength
concrete, were carried out by S. Smith [351 to investigate the influ-
ence of vertical distributed loading on the horizontal stiffness arid
strength. The specimens were tested back to back with the loading
arrangement as shown in figure 2.12. Initial tests were conducted
to determine the horizontal strength and stiffness with a horizontal
load only, and the vertical strength with a vertical load only.
These were followed by tests to determine the horizontal stiffness
and strength for different values of the vertical load between zero
and the 'vertjcal load only' strength. Further series of similar
tests were made on frames with different length - height ratios and
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with varying beam and column sections.
It was concluded that the application of a uniformly distributed
vertical load to a single-storey infifled frame, up to about one half
its vertical strength, increased the horizontal strength and stiffness
of the structure. For square panels, for instance, the strength
increased bya factor ranging from 1.7 to 2.1 and the stiffness by
approximately a factor ranging from 1.7 to 2.3. For vertical loads
greater than approximately one half the vertical strength, the modes
of failure were similar to those for a vertical load only (vertical
tensile crackings and crushing along a line parallel to the applica-
tion of vertical loads). For vertical loads less than half the ver-
tical strength, the modes were similar to those for a horizontal load
only (diagonal cracking and corner crushing). Interaction curves,
defining the size of vertical load giving the maximum increase in
the horizontal stiffness and strength, were derived.
In 1969, in a paper published with Carter, S. Smith [36] pre-
sented a compilation and condensation of the study with additional
information to allow the prediction of the stiffness and strength of
horizontally loaded infilled frames. The variation of the Young's
modulus of the infill with increasing stress level was taken into
account this time when determing the theoretical width of the diag-
onal strut. This width was found to vary throughout the whole range
of loading whereas Holmes had suggested a constant width and
Mainstone three specific widths at three stages of loading. Hence
the equivalent strut width depended not only on the length of contact
and panel proportLons, but also upon the stress - strain characteris-
tics of the infill material and on the value of the diagonal load on
the panel, R, as a proportion of the diagonal compressive failing
load, Rc• For determining the lateral stiffness, the limiting values
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of d. were found to correspond to a value of R between -- and 1.
Design criarts were derived for this purpose. Once the effective
width was determined, the infifled frame was then considered as a
pin-jointed diagonally braced frame which could be analysed by con-
ventional structural theory to estimate the lateral stiffness. This
was justified since the presence of the infill was found to reduce
the bending moments in frame members by about 90%.
The possible failure modes of the frame included the tensile
failure of the windward column and the shear failure of the columns
and beams and their connections. Three modes of failure were observed
for brickwork infills, tensile, compressive and shear cracking along
the mortar joints. The latter was found to be predominant. It was
governed by Xh, . : h. and the relative size of the bond shear
strength, internal friction and diagonal tensile strength of the
masonry. The greater the length : height ratio of the panel, the
less the possibility of a tension failure. The lower the value of
internal friction, the less likely is the panel to fail by the tensile
mode. The compressive failure mode was found to be unlikely to occur
for masonry infill. It was, however, suggested that the chart pro-
vided for concrete infilling could be used, assuming the compressive
strength of the brickwork equal to the mortar strength.
The final development, reported by S. Smith and Riddington [37]
was the use of a method of analysis of infilled frames using the
finite element approach. The method developed took into considera-
tion the possibility of separation between the frame and the infill
and the loss of friction along the remaining lengths of contact.
Two extreme cases were examined, where there was no friction and the
infill was free to slide against th frame along the boundaries, and
where there was a rigid connection between the infill and the frame
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and no sliding was permitted. The programme used the basic four-node
rectangular element with two degrees of freedom per node and linearly
varying displacement functions along the boundaries. The use of
adjacent iodes in the frame and the infili and the compatibility of
displacements allowed separation to be taken into account.
Three types of infilledframe structures were analysed. The
first type consisted of square and rectangular single panel frames
subjected to a horizontal in-plane loading of 100 units. The second
consisted of three-storey, single-bay, square infilled frames arid the
last consisted of single-storey, three-bay square infilled frames.
Three values of ?h were taken (h = 3 representing a very stiff
frame, h = 6.3 a medium stiffness frame and = 15 a flexible
frame). The other variables investigated were the level of fric-
tional contact along the infill-frame connections (two extreme cases
examined), the variations in the flexural stif± 1ess of the beam
relative to the column and the variation of E1, where E. is the1
Young's modulus of the inf ill and Ef
 that of the frame. The relative
stiffness parameter, A,h, was found to control the stresses at the
corner and therefore governed the compressive failure mode. The
length ±0 height ratio was found to control the shear and tension
stresses at the centre, which was the critical region, and hence the
shear and diagonal tension modes of failure. From the stress analyses,
it was also found that the changing of the level of boundary friction
affected most significantly the stresses in the compression corners
of the infill and the lateral deflections. The stresses at the centre
were found to be independent on the boundary friction level.
The analysis of square panels for example, showed a substantial
increase in the corner compressive stresses (up to 4O0) and an
increase between 34 and 49% in lateral deflections when the infill
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was allowed to slide into the corners of the frame. The variation
in beam stiffness arid its end connections did have a little effect,
for example, in the no-friction single square analysis, a four-fold
reduction in the beam stiffness produced a rise of only 15% in the
corner compressive stresses, a reduction of 5% and less in the
central stresses and a reduction in lateral stiffness of 9%. The
effective width of the diagonal strut was calculated from the lateral
deflection. This effective width was seen to reduce as the h. :
ratio reduced for the no-friction analyses, but increased as the
h. : .9.,. ratio reduced for the friction analyses. This led the authors1	 1
to conclude that the prediction of lateral deflection of an infiled
frame could not be accurately estimated. It was suggested that only
a conservative value for the width equal to one-tenth the diagonal
length of the infill could reasonably be used to analyse the equiva-
lent pin-jointed frame to estimate the lateral deflections and the
axial forces in the frame members. It was also concluded that bend-
•	 •	 •	 Hh,ing moments in frame members were not likely to exceed a value of '20
(H: lateral load applied and h: the height of the frame).
A final compilation for design purposes was published in 1978
by the authors r38J. The method suggested was to consider all the
possible modes of failure of the mull and then to check the strength
of the frame by analysing the equivalent pin-jointed frame with
infills replaced by diagonal struts of width equal to one-tenth the
length of the diagonal. From the stress-analyses, equations were
derived to predict the tension and shear failure loads for the infill.
As for the compressive mode of failure, the authors suggested that
Nainstone's equation l] which took into account the stiffness of
the column should be used. The equations were rewritten in limit
state form by multiplying the stresses by the safety factors and
including the partial safety factors for loads, stresses and materials
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(1ff 'Inv and y). It was suggested that the design method could be
used for steel, concrete encased steel and concrete frames with brick-
work or blockwork masonry infills, provided the appropriate modifica-
tions of Ef
 E. are incorporated. The method was applicable for
structures of	 h varying from 0.3 to 3.
2.4.3 .V.Mallick and Severn
The finite element approach was also usedbjtMallick and
Severn 9] who pointed out the fact that the methods proposed for
predicting the lateral stiffness of infilled frames up to 1967 did
not take into consideration the slip that occurred between the frame
and the infill. The main improvements in the computational procedure
were to develop solutions for rectangular frames as well as for
square frames, to take into consideration this slip, and that the
length of contact, and the contact stresses, must be found as an
integral part of the solution, and not assumed at the beginning.
These improvements were incorporated in a method which made use of
a finite element formulation based upon complementary energy so that
the non-linear behaviour could be predicted. A series of tests was
performed on steel frames infilled with KAFFIR-D plaster. The
specimens were tested back to back. The agreement between theoreti-
cal and experimental stiffnesses was remarkably good for square
frames, and less good, but still satisfactory for the rectangular
frames. The theoretical to experimental stiffness ratio varied from
0.93 to 1.93.
It was concluded that the proposed method predicted more
accurately the lateral stiffness than that proposed by S. Smith [31].
The theory was checked against five specimens tested by Smith. The
theoretical predictions were found to be closer to the test results
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than those using four other methods. The theoretical to experi-
mental stiffnesse ratio varied from 1.03 to 1.16. A method based
upon the concept of a 'shear structure' was proposed to predict the
lateral stiffness of multi-storey frames. The horizontal sections
were not supposed to rotate at the floor level and the relative dis-
placement between floor was supposed to be horizontal. The stiffness
of each storey depended only upon the relative displacement of the
two floor levels of that storey. Each storey was considered as a
beam element in shear only, and one shear displacement at each
floor level was sufficient to define the deformed structure. The
ultimate load wasthat which caused yielding of one of the corners.
The lateral load to cause failure was predicted by multiplying the
applied load used in the stress analysis by the ratio of compres-
sive failing stress of the material to the calculated compressive
stress at the point of separation between the frame and the infill.
The theoretical to experimental failing load ratio varied from
0.93 to 1.14.
2.4.4 Liauw
A method of analysing infilled frames subjected to horizontal
racking loads was presented by Liauw r4°] . The materials were
assumed to be isotropic and homogeneous. The infill was assumed to
be bonded to the frame and the analysis made use of a general stress
function, expressed in the form of a Fourier series, for the deter-
mination of the stress distribution in the infill, and subsequently
for the determination of the deformation of the infilled frame.
The solution was determined by use of the finite difference method.
Three elastic models using the phobelasticity technique were used
to check the theory. Good agreement was obtained between theoretical
- 
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and experimental values. From the stress analysis the critical
regions were found to be the centre of the infill (maximum prin-
cipal. tension stresses) and the loaded corners (maximum principal
compression stresses). At the interface, the stress distribution
showed distinct non-linear characteristics, however, within the
central portion it appeared to be approximately linear. Large pro-
portions of the shearing load were found to be carried by the infill.
Comparison of the theoretical values of the forces in the infilled
frames with those of the open frames showed an important reduction
of flexural moment in frame members (88 to 96%). This led to the
conclusion that the frames might be regarded as non-flexural mem-
bers, provided the bond between the infill and the frame was not
broken. Finally, tests on a reinforced concrete closed frame, with
and without infill, were carried out under a lateral load of 20 tons,
to show the relative contribution of various infills to the stiffness
of a frame. The infilled frame was found to be much stiffer than the
open frame (from 76 times for a 114 mm brickwork infill to 187 times
for 127 mm concrete infill).
Two years later, in 1972, th:e analysis was conducted using a
different approach 1]. The method was approximate and was based on
the equivalent frame method, in , which parts of the inf ill were inter-
preted to act with adjacent frame members as composite sec±ions in
bending as shown in figure 2.13. The infilled frame was, thus, trans-
formed into an equivalent frame whose members had the properties of
the composite sections. The paper dealt with infilled frames with
and without central openings. The central opening varying from 0 to
100% of the total area of the infill. The section properties, height
and length of the equivalent structure were defined and expressions
for the internal moments, shear forces, and the rotations of the
-41-
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members at the joints were derived. It was then proposed that the
equivalent frame should be analysed by the various established methods.
Two elastic models were made for the purposes of verification of the
analysis. Both models were single closed frames constructed from
perspex strips. The infifls were made of rubber arid gelatine. The
specimens were tested under lateral loading. Good agreement was
found between analytical and experimental results when the opening
was more than 50% of the infill area. The method was, however, on
a conservative side when the opening was less than 50%.
The method based on stress function in the form of Fourier
series was again used to analyse infilled frames under diagonal load-
ing by Liauw [42:1. The stresses over the infill and the boundaries
were analysed as previously described and with the same assumptions.
Once the boundary stresses were determined, the infill panel was
taken away and its effects on the bounding frame were represented by
these boundary stresses. The problem was, then, that ofa frame subjec-
ted to th external loads and the determined boundary stresses. A
procedure of solving this problem was suggested by taking into
account the compatibility conditions of displacement between the
frame and the infill. The solution of the problem required the use
of a computer. Three-dimensional and frozen-stress techniques of
photoelasticity were used to give the necessary information about
stresses in the infill for the three elastic models tested. Good
agreement was found with the theoretical values. Two modes of mull
failure were observed, tensile cracking along the compression diag-
onal and corner crushing at the compressive corners. From the stress
analysis, the shear stresses were found to be predominant. It was
concluded that the external shear load was largely taken up by the
infill rather than the frame.
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In 1983, in a paper published in collaboration with Kwan,
Liauw [43] proposed a plastic theory for both single- and multi-
storey infilled frames. Three collapse modes as shown in fig-
ure 2.]A.(a - c) were identified. These were respectively termed
corner crushing with failure in columns, corner crushing with failure
in beams and diagonal crushing. The first was associated with rela-
tively weak columns and strong infill, the second with relatively
weak beams and strong infill, and the third with relatively strong
frame and weak infill. When analysing the different collapsa mech-
anisms, assumption was made that the infill exerted a uniform pressure
of intensity equal to the crushing stress of the irifill material
between the hinges in columns and the loaded corners for mode 1 and
between the hinges in the beams and loaded corners for mode 2
(figure 2.15(a - b)). As for mode 3, a parabolic stress distribu-
tion was assumed against the lengths of contact of columns as shown
in figure 2.15(c). The solution of the problem consisted then of
resolving forces (horizontal for modes 1 and 3, and vertical for
mode 2), neglecting axial forces in frame membersfor modes 1 and 2,
and taking moments about loaded corners. Very good agreement was
found between the proposed theory and experimental test results
reported by Barua and Mallici 	 ,LMallick and Severn [39],
Mainstone {20] and Kadir and Hendry [2311.
2. 4. 5 Wood
From the observations of full-scale tests carried out at the
B.R.E. (Building Research Establishment) by different investigators,
a method based on the theory of plasticity was developed and presented
by Wood [44] in 1978. Four collapse mechanisms as shown in figure 2.16
were identified. These were found to depend on the relative strength
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of the frame to the infill defined by the parameter, in. Mode S
(shear mode) was observed for strong frames with weak infills.
Mode SR (shear rotation) observed for medium strength walls. Mode DC
(diagonal compression) observed for weak frames with strong walls.
Finally mode CC (corner crushing) was observed for strong walls with
very weak frames. The theory was based on the work equation of the
infilled frame when both the infill and the frame had reached the
plastic limit. The dissipation of energy in the infilled frame was
taken as the sum of the separate dissipations of energy in the infill
and in the frame. Combining Nielsen's. 1:45] idealized plastic yield
criterion for membranes which are either crnshed at constant yield
stress or cracked at zero (constant) tensile stress, and using stan-
dard plastic theory for the framewrok, modes S, SR and DC were pre-
dicted in proper order of decreasing relative frame strength. The
ultimate change to mode CC was predicted but Wood saw it rather as
a particular case of mode DC. For each mode, an appropriate collapse
mechanism was derived. The infill was supposed to exert a hydro-
static pressure on the frame.
Two non-dimensional parameters, f and in, were introduced.
The first was used to determine the collapse load and the second
was the nominal frame.: infill strength ratio. The theoretical col-
lapse loads were put in the form f controlled by m. The expression
for f varies with the collapse mode identified. These parameters
were capable of predicting changes of collapse modes and are discussed
inmoredetailin5.3.2and5.5.2. Initially the method was developed
for the case where the beams and columns had an equal plastic moment.
Then the beams were different from the columns, f and in were redefined.
Changes of f were studied for lower bounds only. Finally a simplifi-
cation of the method for code of practice purposes was proposed.
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Design charts were presented for single panels. It was concluded
that the curves relating theoretical collapse loads and the nominal
frame - wall strength, mZTL did not vary markedly with the shape of
the panel. It was suggested that only the expression giving f for
the case of square panels with equal plastic moments in beams and
columnm, f, should be taken as a basis, and that all the other
curves should be plotted as an increment, Lif, to be added to f.
Design charts were derived for this purpose. A penalty factor termed,
1, was, however, introdced to allow for idealization of plasticity.
This factor was used to lower the effective crushing strength of the
infill because of the limitation of yield strain. The effective
relative strength parameter, me , was defined as 	 . For steel
Ip
frames,	 was found to vary between 0.23 and 0.45 for brickwork
infills and from 0.2 to 0.65 for micro-concrete infills.	 was
derived from tests on full-scale structures conducted at the E.R.E.
[3, 7, 16] and from models carried out by Mainstone [20], Kadir and
Hendry [23] and by S. Smith [31].
The method was primarily developed for steel frames. It was,
however, suggested that it could be used for reinforced concrete
frames bearing in mind that these are more sensitive to the high
hydrostatic pressure from the inf ill, which might induce shear
failure in the frame, particularly if there is tension in the column
on the windward side. From the tests conducted by Fiorato et al [18]
on reinforced concrete frames infilled with brickwork, y was found
to be very low and varied from 0.05 to 0.12. Thus, a low value of
was recommended to provide safeguards for combined tension, shear
and bending. The design recommendations included the case of rectan-
gular panels, multi-bay and rnulti-storey with or without wall panels.
The proposed method was highly disputed especially by Mainstone
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E46J . The main criticisms concerned the limited ductility of the
infill, the use of the penalty factor and the identification of the
different collapse mechanisms. Mainstone pointed out the fact that
all infills had limited ductility and, in nearly all cases of prac-
tical relevance, had passed their peak contributions to the composite
strengths well before plastic hinges developed in the frames. The
mode of failure of the infill was always essentially diagonal com-
pression even when hinges developed in the frame. The empirical
penalty factor, y, was seen to reconcile calculated and measured
strengths rather than to be a stress reduction factor. Mainstone
claimed that the relationships between the different widths of the
diagonal strut and the relative stiffness parameter, X,h, were more
physically meaningful and more convincing than those between
and m
n
The use of	 was, however, defended by P. A. C. Sinl5 .
was found not only to affect the values of in and f, but also to
ensure that an altered mode could be applicable to the panels.
This was verified realistically by the tests giving considerable
support to the theory. .kC. Smsconcluded that
	 was a little more
complex than just being a penalty for the use of idealized plasti-
city theory. He suggested that 	 must also contain effects from
other parameters not considered in the basic theory, such as the
effect of elastic deformations and the use of an idealized yield
criterion. In his reply, Wood pointed out that xgid-plastic
theory was only an approximation for real behaviour, that the pen-
alty factory, y, caused smaller wall resistance to be derived
than was given by elastic theory. He also indicated that plastic
theory enforced greater frame strength, so that less would be
claimed for the wall.
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2.4.6	 P. A. C. Sirn.
The previous approach was used for analysing reinforced con-
crete infill panels by P. A. C. Sims 	 7]. It was assumed that
the collapse modes identified by Wood [44 for unreinforced panels
could also be applicable to reinforced panels. The analysis was con-
ducted in the same way as by. Wood in predicting these modes in their
correct order of increasing relative frame/panel strength. Analyti-
cally, exact solutions for the pure shear mode, S, were obtained for
single panels having equally strong beams and columns. Numerically,
exact solutions for the shear rotation mode, SR, were obtained for
rectangular panels and for square panels having isotropic reinforce-
ment. A very restrictive set of conditions for which the diagonal
compression mode was valid was determined. It was concluded that
this latter point suggested that either there were better solutions
for this mode or that a more suitable mode existed.
2.4.7
The rigid-plastic theory was also used by May E48] for analysing
infilled francs. A different appreach was, however, used for deter-
mining the dissipation of energy in the infill. First of all, the
work done in tension, compression and shear yield lines was determined
for a rigid plastic non-tension material satisfying a square yield
criterion. These yield lines were then used to analyse shear panels
with bounding frames. The external work done by the racking load was
taken equal to the sum of the energy dissipation in the hinges and
the energy dissipation in the infill. The determination of the work
in the yield lines eased the problem of expressing the energy dissi-
pation in the infill. The equations were found to be easier to form-
ulate than these developed by Wood [44]. Th technique was used to
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reanalyse all the modes examined by Wood. The results were found
to be identical to those obtained by Wood. It was claimed that the
method had some advantages over the approach used by Wood, the major
ones being that in many cases the modes matched the collapse mode
noted in tests more closely, and also that it was easy to apply to
more complex problems such as panels with openings. Thus, the method
was then used to obtain upper bound solutions for square panels with
centrally placed square holes.
The work done by Wood [4 was extended by May and Ma [493 to
cover cases in which the ultimate moment capacity of the joint,
k	 (0 k 1) was less than or equal to the ultimate moment
capacity, 1(, of the beams and columns. This work was necessary
because, as noted by Wood, premature failure of the joints occurred
in a number of tests. The analysis was conducted in the same way as
by Wood. Three collapse modes were identified, S, SR and RSR (Revised
Shear Rotation). The RSR mode is similar to Wood's SR mode but per-
inits areas of unstressed infill adjacent to the unloaded corners. It
was noted that, at low values of mn, this mode gives identical results
to Wood's DC mode and this latter mode was therefore not required.
For k = 1, many of the RSR mode analyses were exactly the same as
Wood's SR mode. Numerical results were derived to determine the. best
upper and lower bounds on the collapse loads for panels with i/h = 1
and 3 and k = 0, 0.25, 0.5, 0.75, and 1. For square panels, the num-
erical analysis produced identical upper and lower bound solutions.
For rectangular panels	 = 3) the discrepancy between upper and
lower bounds was small. The maximum discrepancy was observed for pin-
joints frames (k 0) and ranged from 0.4% to 11.0%.
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2.5 SUMMARY OF PREVIOUS WORK
2.5.1	 Test Methods
Most of the investigations have dealt primarily with single-
storey free standing infilled frames. Four different test arrange-
nients have been used as shown in figure 2.17,:
(i) Fixed base: The tests conducted by Fiorato et al j8
employed combined loading (vertical loads on columns plus horizontal
racking load applied at the middle of the top beam) and horizontal
racking loading only. The tests carried out by Ockleston [ij,
Read [6J and Benjamin and Williams [13, 14] employed horizontal rack-
ing loading only. As for Irwin and Afshar [11], the vertical load
was applied only on the windward column, and the specimens were sub-
jected to cyclic loading.
(ii) Back to back (simulating a solid foundation): This arrange-.
ment has been used by Coull [8], Mallick et al [9, 27, 29:1,,
Kadir t22J , S. Smith et al [30_33, 35-36 and- b.V. MaLLCck and. Severn [i9)
(iii) Diagonal loading: This arrangement has been used by Saneinejad
[12] and S. Smith [31].
(iv) Horizontal racking loading with the windward column restrained
at the top. This arrangement has been adopted by Thomas [3J,
L. G. Simos [7], Holmes [is, l7J, Sachanski [28], and Mainstone et al
[19-21].
2.5.2 General Behaviour of Infilled Frames
The idealized load-deflection response of an infilled frame
shows four distinct regions as shown in figure 2.18:
(1) An initial non-linear response of an indefinite nature due to
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slip which occurs between the frame and the infill. This is the
result of the lack of fit which is unavoidable in : practical struc-
tures.
(ii) The second region is characterised by a straight line until
the infill cracks of yields at one or both loaded corners which-ever
occurs first. In this region the composite structure behaves elas-
tically and the experimental lateral stiffness is equal to the slope
of the curve. During the loading, the infill and the frame separate
and contact remains mly in the vicinity of the loaded corners.
The lengths of contact are referred to asaZ against the beams and
% against the columns.
(iii) Once the infill cracks or yields at one or both the loaded
corners which-ever occurs first, the response might still be ideal-
ized by a straight line with a smaller slope (after cracking occurs,
the lateral stiffness drops). In this region the separation has
already taken place.
(iv) Once the peak load is reached, the last part of the curve
might be aproximatecteither by a horizontal line defining, thus, a
plastic plateau (ductile failure) or by a small horizontal line
followed by a line with a negative slope, in the case of a brittle
failure.
This type of response is basically for steel frames with infills
of concrete or brickwork. The response for infilled reinforced con-
crete frames is slightly different because of the cracks 	 occurring
in the frame at an early stage of loading, the weakness of concrete
in tension and the high sensitivity of reinforced concrete frames to
shear pressures exerted by the infill which might lead to a premature
failure. The difference in behaviour is discussed in more detail in
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the light of test results in Chapter 4. The end of the initial elas-
tic response shown in figure 2.8 might be seen as a serviceability
limit state. The load causing the cracking of the infill was defined
as an ultimate load by the investigators who concentrated on predic-
ting only the initial elastic response of an infilled frame. This
load may not in fact be the ultimate load carried by the composite
structure. The composite may still be capable of carrying more load
after the infill had cracked. The onset of stage (iv) constitutes
the true ultimate limit state.
2..3 Stiffness Predictions
The initial lateral racking stiffness has been predicted empiri-
cally and theoretically. The methods used may be classified into the
following:
(1) Methods based on strength of materials approach.
The infilled frame was treated as a vertical cantilever by
Benjamin and Williams [13, l4 and by Fiorato et al Ji8J. Liauw [41]
suggested a method based on the concept of an equivalent frame,
wherein the parts of the infill were assumed to act compositely with
the adjacent frame members, for.infilled frames of centrally openings
varying from 0 to 100% of the infill area. Kadir [22J used a similar
approach for infilled frames with various sized centrally placed
openings. The panel was replaced by a diagonal member of equivalent
stiffness.
(ii) Methods based on the equivalent diagonal strut concept.
The infill was replaced by a diagonal strut whose thickness
and Young's modulus were that of the infill and whose width has been
defined differently by the various investigators. This width has
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been predicted theoretically (S. Smith et al [30-33, 35-38]) by means
of the finite difference or finite element approaches, or empirically
(Holnies [15], Mainstone [19-21, 46] and Kadir [22]). S. Smith found
that the theoretical values of W/d were consistently higher than the
experimental. These were adopted for calculating the lateral stiff-
ness. Two widths of the diagonal strut were used in the calculations
proposed by S. Smith and Carter [36]. But in the latest published
papers, Smith 37, 38] suggested a conservative value of w = 0.ld.
For the infilled frames tested in the experimental investiga-
tion described in Chapter 3, W/ was found to vary from 0.33 to 0.44
for	 = 0 (R: diagonal load on infilled frame and R diagonal load -
to cause crushing of the infill) and from 0.12 to 0.13 for R/Rc = 1
for S. Smith and Carter's method [36]. It varied from 0.11 to 0.13
for Mainstone's [4 and from 0.27 to 0.48 for Kadir's method [22].
As for Holmes [15] and S. Smith and Riddingtori [37, 381 W/d was
respectively 0.33 and 0.1.
(iii) Methods based on direct applications of the finite difference
and finite element analyses.
These two methods were used as a tool to predict the lateral
deflections and therefore the lateral stiffness of an infilled frame.
These methods were used by Sachanski [28J, Mallick,S.K. arck. Barua (Z93,
L1ict, .V. n& Severn [93 3rck L(auw [40, 4&J
(iv) Methods based on the results of experimental investigations.
Empirical prediction equations for lateral stiffness were
derivedySZMallickandBarua for steel frames with concrete infill [9]
and reinforced concrete frames with brickwork infill [27.
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2. 5.4 Strength Predictions
2.5.4. 1 Tensile failure strength
This strength has '
 been predicted empirically and
theoretically. The empirical predictions were based either on the
diagonal strut concept (Mainstone [19-21, 46J)or simply on test data
(Malhiclç,S.K.andBarua [27,29]). Mainstoné proposed a specific width of
strut based on test data for calculating this strength. The theoreti-
cal predictions were based either on the finite difference approach
(S. Smith and Carter [36] ar& 5ackarsft[2.Z3) or or Ute ccnfte. emen
aroac çS.smM. . niL	 From the stress analysis,
the critical region was found to be the centre of the infill. The
criterion was to equate the principal tensile stress in this region
to the tensile strength thf the infill material.
2.5.4. 2 Shear failure strength
This mode was essentially observed for masonry infill
panels. The basic relationship for shear strength,	
=	
+
was used by all investigators except Bania and Ma1lick,S.k.f&7J who
derived an equation for shear strength based on test results. The
bond shear strength and the coefficient of friction were determined
from tests. The shear and normal stresses were expressed at the
centre of the panel in relation to the racking load. These stresses
were, then, substituted in the basic relationship f =
	
+	 to
derive the cracking streigth of the infill. In expressing these
stresses, the approach differed from one investigator to another.
For Benjamin and Williams [151 and Fiorato et hi ]L8], the contri-
bution of the frame was ignored and the horizontal and vertical
reactions resulting from the loading were used to express the average
shear and nonnal stresses. S. Smith and Carter [363 used the finite
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difference approach, assuming a triangular distribution of inter-
action between the frame and infill over the lengths of contact, to
express the stresses. S. Smith and Riddington [37] used the finite
element method for the determination of these stresses. As for
Kadir [22], he used early work by Seddon [25] on partially loaded
concrete walls to express these stresses. Kadir t22Jan5a11ick and
Barua [27] conducted an elastic analysis to add the frame contribu-
tion to this shear strength of the infill.
2.5.4.3 Ultimate strength
The ulElciate strength of the composite structure has
been predicted using three different approaches:
(1) Methods based on the diagonal strut concept.
The ultimate load carried by the structure was that which
caused compressive failure of the infill. This failure was either
localised to the compressive corners, corner cushing, (S. Smith and.
Carter J6J, and Kadir [22]) or along the diagonal strut (Holmes [15],
Mainstone et al [19-21, 46]). While S. Smith and Carter ignored the
frame contribution, the others suggested that the frame strength
could be added to that of the infill. Holmes and Mainstone proposed
that the full plastic open frame strength should be added and Kadir
suggested that the frame strength to be added is that calculated at
a deflection, • cSf corresponding to the maximum load in the infill.
The criteria used for determing the ultimate load carried by the
infill were different. Holmes and Mainstone assumed a uniform corn-
pressive stress distribution acting over an area w x t where w is
the width of the diagonal strut and t, the thickness of the infill.
The criterion for failure was to equate the compressive stress
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to the ultimate compressive strength of.the infill material, f-.•
S. Smith and Carter D6] made the assumption that the compression
corner was in a plastic state. This plastic region is shown in
figure 2. O • The compressive stress distribution acted over an
area ct sec 0. As for Kaclir [22], the load carried by the inflfl
was obtained by assuming a linear distribution of contact stresses
over a length of the column equal to wcosO as shown in figure 2.6
The maximum stress occurring at the edge was taken eqal to the ulti-
mate compressive strength of the infill material. For the infilled
frames described in Chapter 3, w/ was found to vary from 0.16 to
0.23 for Mainstone's method [46], it varied from 0.30 to 0.57 for
Kadir's method [22] and from 0.38 to 0.75 for S. Smith and Carter's
method £36]. As for Holmes method W/d was constant and equal to
0.33.
(ii) Empirical methods.
Based on test results, empirical equations were derived by5.K.
Mallick and Barua [27, 29] and by Benjamin and Willi.ms £13], to
give the maximum load sustained by the structures.
(iii) Methods based on plasticity and collapse design approach.
The plastic analysis approach was used by Wood [44], Sim,?.p.C.
£47] and May r48J to predict theoretically the different collapse
loads corresponding to the different identified collapse mechanisms.
Another mode of failure (knee-braced) was identified by Fiorato et al
[18. For this mode, the calculation of the ultimate load was, how-
ever, related just to the frame. The ulitmate load was defined as
the load necessary to develop the yield capacity of the braced
columns.
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2.5.5 Conclusions
There have been basically, three different approaches for inves-
tigating the behaviour of infilled frames: purely experimental work,
experimental investigations leading to empirical prediction equations
for stiffness and strength and theoretical investigations checked
against experimental test results. Three types of frames, steel, con-
crete encased steel and reinforced concrete, have been used in com-
bination with different types of infills made of brickwork, blockwork,
concrete and reinforced concrete. The most widely used combinations
of frame and infill have been those of steel frames infilled either
with concrete or brickwork. The combination of reinforced concrete
frames with lightweight blockwork appears to have been used only
once, by Irwin DIi]. The specimens were, however, subjected to
cyclic loading.
The infill was found, not only, to increase considerably the
stength and the stiffness of an infilled frame comparatively to a corres-
ponding open frame, but also to reduce the flexural ccecJzs in the
frame members (5. Smith [36J reported a reduction of 90%). The lat-
eral stiffness and strength of the infilled frame were found to be
greater than the sum of the two separate components acting alone.
The parameters found to govern or influence the behaviour of infilled
frames were the relative elastic stiffness of the frame to the infill,
Xhh, A29. and	 and the relative plastic strength of the frame to
the infill, in	 Collapse of an infilled frame might occur through
failure either of the frame or the infiLL. The possible failure
modes of the frame included the tensile failure of the windward
column and the shear failure of the columns and beams and their con-
nections. The modes of infill failure when this latter was made of
masonry were:
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(i) tension, cracking along the mortar joints or through the masonry;
(ii) local crushing near the loaded corners or along the coinpres-
sion diagonal;
(iii) shear failure along the mortar joints.
This last mode did not occur for concrete infill. It was, however,
found by most investigators to be the most critical for masonry
infills.
There does not, as yet, appear to be any generally accepted
method of design of infilled frames. Among the many possible rea-
	 -
Sons for this may be listed the following features of the various
existing methods:
(1) The wide range of different assumptions made.
(ii) The wide range of approaches used.
(iii) The large number of variables involved.
(iv) The wide range of predicted stiffness and strength values
(this is considered in more detail in Chapter 5).
The investigators who opted for empirical prediction equations for
the lateral stiffness and strength of an infilled frame concluded
that any sophisticated method would be superfluous because of the
number of variables involved and the complexity of formulating
them in exact mathematical form.
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CHAPTER 3
CONSTRUCTION AND TESTING OF INFILLED AND OPEN FRAMES
3.1 CHOICE OF THE MODEL-SCALE
One of the major problems facing any experimental investigation
on models is the choice of a suitable scale. The behaviour of the
model should be representative of a praccal full-scale structure
and it must be ensured that the model size would neither alter the
general behaviour nor the mode of failure. The scale effect is prac-
tically unavoidable for any model tested even i± sometimes its effect
is small and may be hidden in the general scatter of the test results.
The choice of model scale is always to some extent a compromise. In
order to minimize any possible scale effects the scale should be as
large as possible but for reasons of economy and ease of building of
specimens a small scale is desirable.
For the current experimental investigation a geometrical scale
of 1 : 3 was chosen for the following reasons:
(i) It was shown from the test carried out by Benjamin and Williams
D-4] on third-scale reinforced concrete frames infilled with brick-
work, by Hendry [50J on third-scale brickwork walls and by Rostampour
[51] on third-scale blockwork walls, that the scale effect was not
signifi cant.
(ii) It was thought desirable that the block size should be large
enough to enable the wall to be built in a vertical position using
the nornal block laying techniques used for full-scale walls. For a
smaller model, the joint thickness would have to be reduced further
and therefore it would be impractical to build the infill panel in
the normal way. Investigators who used small-scale models (-- for
Mainstone fL9, 20] and -- for Fiorato et al [18]) had to build the
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infill panels by laying the bricks horizontally with gaps for the
horizontal, and vertical joints and then injecting mortar to fill the
gaps and form the tbedt and Tperpendicular joints.
(iii) The third-scale model was a convenient size to fit inside the
available reaction frame.
3.2 TE1MIN0L0GY
Five different reinforced concrete frames referred to as
frames 1 to 5 have been used in combination with three different
infill panels. These infills have been labelled respectively S, M
and W and were called conventionally, in relation to their thickness,
strong wall (t = 100 mm), medium strength wall (t = 57 mm) and weak
wall (t = 35 mm). Each individual specimen has been disignated by
three letters and one number.
- The first letter is either I or 0, indicating whether it is an
infilled frame or an open frame.
- The second letter characterises the type of loading to which the
specimen was subjected: H, for horizontal racking loading only
and C, for combined loading consisting of vertical loads on the
columns together with the horizontal racking load.
- The third letter specifies the type of wall used, S, H or W.
- The number refers to the type of frame used, 1 to 5.
e.g., ICM4. indicates an infilled frame subjected to a combined
loading system. The infill panel used is that of medium strength
(t = 57 mm) bounded by frame type 4.
The duplicate specimens tested to check the repeatability have
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been distinguished fromtheir identical specimens by a star (IHM2
and IHM2*, ICM2 and ICM2*). One specimen, IRS1, which was subjec-
ted to horizontal loading only and for which failure occurred only
in the windward column extension, was retested under combined loading
and since it had the same dimensions and characteristics as ICS1,
it was designated ICS1**.. When the windward column extension failed,
the response was still elastic. No noticeable changes occurred in
the infihl but the tension column had already cracked. The windward
column admnsion was repaired by casting fresh concrete using rapid
hardening cement around the steel tube which was rewelded to the
reinforcing bars. (The details about frame description are given
in section 3.3). The same type of failure occurred for IHM2. Its
infill panel was damaged accidentally during removal from the rig.
Its windward column extension was repaired in the same way and the
specimen was ±'etested as an open frame designated 0H2°. The modes
of failure are discussed in section 4.4.
3.3 REINFORCED CONCRETE FRAMES
3.3.1 General Description
The frame sizes are shown in figure 3.1 and 3.2. The first
three frames had the same geometrical characteristics and were sym-
metrically reinforced with four 6 mm, four 8 mm and four 10 mm high
yield, deformed cold twisted bars. The schedule of reinforcement
for all the frames is given in Appendix A . The extension of the
windward column was of the same dimensions as the column and was
170 mm long. This extension was provided in order to accommodate
the support arrangement (see section 3.6.1). It contained a 38 mm
diameter core which was provided by casting a steel tube into the
frame.
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3.3.2 Concrete
Trial tests were conducted to find a suitable workable concrete
mix with a target compressive strength of 40N/mm 2 . After a series of
trial mixes, the concrete mix adopted and maintained for the whole
programme was ordinary concrete made of ordinary Portland cement,
locally available dry sand, and gravel of 10 mm nominal size. The
mix proportions in parts by weight were 1 : 2.6 : 2.2 : 0.63 cement
sand : gravel : water. Details of the materials used are as follows:
Cement:	 ordinary Portland cement complying with BS 12 E52].
Fine Aggregates: sand of grading zone 2 complying with BS 882:
Part 2: 1973 133T1.
The grading curve is shown in figure 3.3(a).
Coarse Aggregates: gravel of 10 mm nominal size complying with
BS 882: Part 2: 1973 [53].
The grading curve is shown in figure 3.3(b).
Water:	 tap water free from any impurities.
Control test specimens in sets of three (prisms and cylinders) and
in sets of six (100 mm cubes) were cast with each frame and cured
with it (seven days under a sheet of polythene and then left uncov-
ered in the laboratory atmosphere) were tested on the day the actual
test on the infilled or open frame took place. In most cases this
was at twenty-eight days after the casting of the frame. They were
tested in accordance with BS 1881 C5LJ Parts 4 and 5. For the first
two infilled frames tested, three beams 100 mm by 100 mm and 500 mrs
long were tested in flexure in accordance with ES 1881 Part 4 to
give the flexural strength of the concrete. All the concrete con-
trol test results are given in Table 3.1.
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	Cube coin-	 static
	
tensile	 flexural
modulus ofpressive	
strength	 strength
FRAME	 strngth	 elasticity	 age
DESIG-	 daysfcu	 ft	 fb	 EcNATION	
N/mm2	 N/mm2	 N/mm2	 KIT/mm2
M	 SD	 M	 SD	 M	 SD	 M	 SD
OH1	 40.8	 1.5
	 3.3	 0.1	 -	 -	 25.8	 1.2	 28
IH11	 43.4	 1.1	 3.5	 0.1	 -	 -	 24.9	 2.9	 28
IHMJ.	 43.4	 0.3	 3.5	 0.2	 -	 -	 27.0	 0.6	 28
IHS1	 36.3 2.3	 3.1	 0.1	 -	 -	 24.8	 1.8	 28
0C1	 37.2	 1.3	 2.8	 0.2	 -	 -	 25.6	 0.6	 27
ICM1	 45.4 0.2	 3.9	 0.1	 -	 -	 25.8	 1.1	 28
ICS1	 41.3
	
0.7	 3.7	 0.3	 -	 -	 28.0	 0.6	 28
ICS1**	 36.3	 2.3	 3.1	 0.1	 -	 -	 24.8	 1.8	 43
0H2°	 431	 0.7	 3.5	 0.2	 5.2	 0.1	 27.8	 0.2	 57
IHW2	 36.3
	
0.9
	
2.8	 0.2	 -	 -	 25.7	 1.7	 28
IHM2	 43.1	 0.7	 3.5	 0.2	 5.2	 0.1	 27.8	 0.2	 24
IHM2*	 42.9
	
1.8	 3.2	 0.1	 -	 -	 26.8	 0.8	 28
002	 43.1	 2.8	 3.3	 0.3	 4.2	 0.1	 28.6	 0.8	 37
ICM2	 46.8	 1.0	 3.4	 0.3	 3.9	 0.1	 27.0	 0.2	 115
ICM2*	 45.2	 2.0	 3.1	 0.2	 -	 -	 27.7	 0.2	 27
IHW3
	 39.4	 1.4
	
3.3	 0.3	 -	 -	 25.7	 0.3	 28
IHM3
	 44,6	 0.5	 3.5	 0.2	 -	 -	 25.6	 0.6	 29
ICM3
	
42.8	 0.7	 2.7	 0.1	 -	 -	 25.8	 0.9	 29
ICM4	 39.9	 1.4
	
3.2	 0.2	 -	 -	 26.8	 0.6	 28
ICM5	 38.7	 0.8	 3.1	 0.2	 -	 -	 24.6	 1.0	 28
M: mean SD: standard deviation = v'VARIANCE
VAR = I (x. -
	 X: mean	 -: no value available
X.: individual results
N
TABLE 3.1: CONCRETE CONTROL TEST RESULTS
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3.3.3 Reinforcement Properties
The bars used as main reinforcement for the five different
frames were high tensile cold twisted Tor bars of diameters 6 mm,
8 mrs and 10 mm. These Tor bars complied in full with the require-
inents of BS 4461: 1978	 The bars were of high bond strength,
classified as type 2 deformed bars and readily weldable under normal
conditions. The shear links were made from rolls of mild steel
black annealed wire of diameter 3.25 mm. Results of the tensile test
conducted on three specimens cut from each type of reinforcing bar
and wire, in accordance with BS 18: Part 2, (1971):	 are given
in Table 3.2. Typical stress-strain curves for high tensile steel
bars and black annealed wire are shown in figures 3.4 and 3.5.
3.3.4 Reinforcement Details
Beams and columns were reinforced with four bars yielding per-
centages of main reinforcement ranging from 1.1 to 3.1 and thus
covering a realistic range for full-scale structures used in practice.
Details of the arrangement of the reinforcement are given in Appen-
dix A. One simplified 'typical' reinforcement arrangement is shown
in figure 3.6. To ensure adequate anchorage, it was necessary to
weld the bars at the corners. In the case of reinforced concrete
frames subjected to horizontal racking loads, the reinforcement
detailing in the two opening corners is very important to ensure a
good efficiency; the efficiency of a corner being defined as the
ratio of the corner strength from tests to the theoretical flexural
strength of the members adjacent to it. The opening corner reinforce-
ment detailing adopted for the five reinforced concrete frames was
that which produced the highest efficiency in Taylor et al's tests
137- 59J . It was found that all common details gave high efficiency
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	ultimate'	 yield strength	 modulus of
	
strength	 elasticity
	
fu (N/mm2 )	 fyiN/mm2)	 1'y 2 (N/inm) E(KN/min2)
M	 SD	 M	 SD	 N	 SD	 N	 SD
-	 4) = 6 mis	 724
	
18.8	 628	 16.].	 633
	
15.6	 232	 6.2
o _______ ___ ____ ___ ____ ____ ____ ___ ____
-- _ _ ____ __  _  _ _ __ ____
4) = 8 mm	 603	 4.9	 528	 2.9	 533	 2.9	 200	 0.8
4) = 10 mm 621	 4.0	 540	 2.4	 542	 3.3 196 1.9
BLACK ANNEALED
WIRE (4) = 3.25 mm) 305	 4.6 189	 8.5 199 11.5 171	 8.8
M: mean of 3 test results
SD: standard deviation
fyi: 0.2% proof stress
fy2 : yield stress determined from a 0.5% total elongation in
accordance with BS 18 Part 2 L56J
E: static modulus of elasticity Obtained by conducting a linear
regression for all the points in the elastic region
TABLE 3.2: STEEL BAR AND WIRE TEST RESUT.TS
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for closing corners but that the detail adopted here gave the highest
efficiency (83) for the opening corners. The main reinforcement
of the beams and the columns were welded together at the four cor-
ners to form a stiff cage which itself was welded to the tube cast
into the frame. All the main reinforcement bars had a cover of 10 mm.
3.4 INFILL PAIELS
3.4.1 General Description
Three third-scale square infill panels 810 mm by 810 mm were
used. The three infill thicknesses complied with the requirements
of stability (a maximum slenderness ratio of 24 was recommended by
Davies [601). All infill panels consisted of twelve courses of
lightweight aggregate concrete blocks laid with mortar of grade (iii)
to BS 5628 [61]. The average thickness of the perpendicular and bed
joints was 4.2 mm. All the blocks used in building the infill panels
had the same face size 130 mm by 63 mm and were respectively 35, 57
and 100 mm thick.
3.4.2 Mortar
The mortar mix used was that recommended for laying blocks of
specified characteristic strength'varying from 2.8 to 10.5 N/mm 2 [62].
The mortar was made of ordinary Portland cement, hydrated lime and
dry building sand. The nominal proportions in parts by volume were
1 : 1 : 5 (OPC :lime : sand). In order to ensure uniformity of the
mix throughout the test programme it was decided to batch by weight.
It was, therefore, necessary to measure the bulk densities of the
three components. The measurements were conducted as follows: a
quantity of material was poured without compaction into a gauge, the
volume was recorded, then the quantity was weighed and the bulk
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density determined as the ratio of weight to volume. The mean
iJLues of ten results for cement, lime and sand were respectively
1226, 491 and 1239 kg/in 3. Thus, the mix proportions in parts by
weight were 1 : 0.4 : 5.05 (OPc : lime : sand). The amount of water
was found by conducting the dropping ball test in accordance with
ES 45 [63]. Finally the mix adopted was that which gave an average
dropping number of 11 with a water cement ratio of 1 : 59 in parts
by weight. This mortar mix was inspected by a qualified blocklayer
who found it satisfactory for laying the blocks. The dropping ball
test was conducted for the mortar before building commenced for all
the infill panels. The dropping ball number results are given in
Table 3.3.
Details of the materials used are as follows:
Cenent: ordinary Portland cement complying with ES 12 f2:J.
Line: calcium hydroxide (hydrated lime) complying with BS 890
[64J "Class A" code 190.
Sand: dry building sand complying with BS 1200: 1976 [6]. The
grading curve is shown in figure 3. 7. The sand was oven
dried for twenty-four hours at a temperature of 100°C
before it was used in the mortar mix.
Water: tap water free from any impurities.
Cubes in sets of three were prepared from each batch of mortar mixed
and were tested in accordance with BS 4551 [63J. Due to non-
availability of the required number of the same size cube mouJ.ds at
the time of building the different infill panels, it was necessary
to use three different sizes of cubes. The test results are given
- 66 -
100
r
I::
20
/
/////
/
1'
/	 /
/	 I
/	 I
/	 //	 I
	
/	 /
	
/	 I
I /
II
/1
	
ii	 /
	
/	 //
/////
• Zone for
TubI.e 1.
B.S. 1200' 1976
0'-
0
	
015	 03	 06	 1.18	 236	 5
B.S. Sieve size (mm)
FIG.37 GRADING CURVE FOR BUILDING SAND
compressive strength 	 splitting
Frame	 cm N/mm 2	strength	 dpn	 age
desig-	 mm	 days
nation	 (i)	 (2)	 tm N/mm2
M	 SD	 M	 SD	 M	 SD	 M	 SD
IHW].	 6.4	 0.3
	
-	 -	 6.8	 0.1	 -	 -	 11.8	 14
IHM1	 7.0	 0.9	 -	
-	 6.5	 0.2	 -	 -	 10.8	 15
IHS1	 -	
-	 7.1	 0.5	 -	 -	 -	 -	 10.2	 13
ICM1	 8.1	 0.2	 -	 -	 6.0	 1.0	 -	 -	 10.0	 13
ICS1	 -	 -	 6.5
	
0.1	 -	 -	 -	 -	 11.8	 14
ICSl*	 -	 -	 7.1	 0.5	 -	 -	 -	 -	 10.2	 13
IHW2	 7.1	 0.2	 -	 -	 -	 -	 -	 -	 10.6	 15
IHM2 -	 	 -	
-	 5.8	 0.7	 -	 -	 11.0	 -
IHM2*	 -	 -	 6.8	 0.0	 -	 -	 0.9
	
0.1	 10.8	 14
ICM2	 -	 -	 -	 -	 6.4
	
0.4
	
-	 -	 11.0	 100
ICM2*	 -	 -	 6.0	 0.4	 -	 -	 0.3	 0.0	 11.0	 14
IHW3	 6.0	 0.3
	
-	 -	 -	 -	 -	 -	 10.5
	 14
IHM3
	
-	 -	 7.2	 0.4
	
-	 -	 -	 -	 11.8	 17
ICM3
	
5.6	 0.3
	 5.4	 0.2	 -	 -	 -	 -	 12.1	 16
ICM4	 -	 -	 5.8	 0.3
	
-	 -	 0.6	 0.1	 11.8	 14
ICM5
	
-	
-	
7.0	 0.2	 -	 -	 0.7	 0.11 12.0	 14
(1): mean of three 50 mm cubes 	 M: mean
(2): mean of three 75 mm cubes	 SD: Standard Deviation
(3): mean of three 100 mm cubes 	 -: no values
dpn: dropping ball number in millimetres
f: compressive strength of mortar
f : tensile strength of mortartin
TABLE 3.3: MORTAR CONTROL TEST RESULTS
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in Table 3.3 and it can be seen that any influence of cube size is
hidden in the general scatter of the test results. For some of the
panels, cylinders of 0 mm diameter and 100 mm long were prepared in
sets of three and tested to fiid the tensile strength of the mortar.
The control specimens were cured in the same conditions as the infill
panels and tested on the day the actual test took place (at fourteen
days after construction of the wall panel). The rate of loading
adopted for the compression and tension tests were respectively
4N/mm 2/minute and 0.4N/mm2/minute. These test results are also
given in Table 3.3.
3.4.3 Blocks
The model blocks were obtained from full-scale solid 'Lytag'
blocks with face size 440 mm by 215 mm and a thickness of 140 mm.
The blocks had a specified characteristic strength of 7N/mrn 2
 E621.
The blocks were cut by a li Clipper il machine, using an abrasive blade
and employing a wet cutting technique. The cutting, nevertheless,
smoothed the surfaces. Thus the bedding and perpendicular surfaces
of the model blocks were not similar to those of full size blocks.
The method by which the three types of model blocks were obtained
from full-scale blocks is shown in figure 3.8. Full-scale and model
blocks were tested in accordance with BS 2028, appendices C and F 6J.
They were either capped with two new pieces of 12 mm insulating b3ard
(fibre building board) complying with B8 1142 	 or capped with
mortar made of ferrocement and building sand. The mix proportions
in parts by weight were 1 	 1. 5 : 0. 58 (ferro cement : building
sand : water). The rate of loading adopted for testing the blocks
or assemblies of blockwork was that for which failure would be
expected after two minutes in accordance with BS 2028 [66J. This
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rate was 4. 5 N/mm 2/minute. The loading was applied perpendicularly
to the bedding surfaces. Some model blocks were tested under a load
normal to their perpendicular surfaces. All the results are given
in Table 3.4.
3.4.4 Blockwork Compressive Strength
In order to determine the compressive strength of blockwork,
five specimens as shown in figure 3.9 (specimens 16 to 20) were pre-
pared and cured in the same conditions as the actual infill panels.
The-specimens were three course assemblies, as those adopted by
Hamid and Drysdale [68], with two model blocks per course. A high
prism witha slenderness of 3.6 was adopted in order to have the
centre blocks free from any artificial confining effects. Three
specimens were subjected to a compressive load perpendicular to the
bed joints whereas the other two were subjected to a load parallel
to the bed joints. The specimens were capped at each end, as for
the blocks, with the same capping mortar whose five day compressive
strength was 23.3N/mm 2. The specimens were tested at fourteen days.
The thickness of all the specimens was 57 sin. The rate of loading
was that adopted for testing the blocks (4.5N/mm2/minute).
Compression tests were also conducted for some assemblies of
blockwork recovered from the earlier infilled frames tested. These
were also capped with mortar prior to testing. The configuration of
the specimens tested is shown in figure 3.9. No attempt was made to
cut the specimens (1 to 13 in figure 3.9) to a regular size, since
it was felt that this might lead to damage to, or disintegration of,
the specimens. The different results are grouped in Table 3. 5. The
compressive strengths given in the table are calculated on the basis
of the bearing areas between the steel plates and the specimens.
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compressive strength
b N/mm2SERIES	 C
	MEAN	 S. DEV
10 full-scale blocks capped with
insulating boards. The blocks	
9	 0 6
were immersed in water for 13 8	-
hours prior to testing.
10 model blocks capped with
insulating boards. The specimens 	 10 1	 1
were stored in a mist room for 9
hours prior to testing.
44 model blocks recovered from
IHM1, IHM2, ICM1, ICM2, IHIvt3 and	 10 4	 61CM3. The blocks were capped
with mortar.
3 model blocks with load applied
normal to the perpendicular sur-	 5 7	 0faces. Both blocks capped at both
ends with mortar.
Note: the model blocks tested had a face size of 130 mm by 63 mm
and a thickness of 57 mm.
TABLE 3.4: BLOCK COMPRESSIVE STRENGTH
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h	 age	 cbw	 EbW.
0 (days)	 (KN/mm2).
	
1	 recovered	 2.5 90	 421	 5.8	 -	 -	 -
	
5	 from ICM2	 48 90	 421	 5:0	 -	 -	 -
	
2	 6.1 90
	
158	 6.3
	
-	 -	 -
recovered
froth ICifl
	
6.1 90	 158	 4.6 5.4 0.	 -	 -	 -
	
3.6 90	 158	 5.2	 -	 -	 -
	
6	 recovered	 3.6 90 224
	
5 6 0 3 -	 -	 -
	
7	 from IHM3
	
3.6 90 224	 5.3	 -	 -	 -
	8	 2.5 90
	
125	 10.3	 9.5
	9	 2.5 90	 125	 8.8	 4.6
	
10	 recovered	 2.5 90 125
	
10.0 8 6 1.4 6.9 1.6
	
11	 from IHM2	 2.5 90	 125	 7.1	 8.0
	
12	 4.8 90	 125
	
6.6	 6.1
	
13	 3.6 90	 125	 8.9	 5.6
	14	 recovered	 4.8	 0	 125	 7.6	 7.6
5	 7.3 0.3
	 5	 from IHM2	 4.8	 0	 125	 7.0	 -	 -	 -
	
16	 constructed 3.6 90	 14	 8.1	 4.3
in same
	
6 17	 conditions	 3.6 90	 14	 7.1 7.8 0.5 6.7 5.2 1.1
inf ill
	
18	 panels	 3.6 90	 14	 8.3	 4.6
same
	
19	 conditions	 4.8	 0	 14	 5.7	 6.9
7	 as the	 5.8 0.1	 5.9 1.0
	
20	 infill	 4.8	 0	 14	 5.9	 4.9
panels
0:	 angle between bed joint and line of application of load
slenderness ratio of the specimens
blockwork compressive strength
E: static modulus of eleasticity for blockwork
N.B. The mortar compressive strength for serLes 6 and 8 was 6.7N/inm2
with a standard deviation of o.2N/rnm2
TABLE 3.5: COMPRESSIVE STRENGTH AND STATIC M0DLUS OF BLOCKWORK
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Compression tests on concrete blockwork, using four types of
.-scale lightweight aggregate blocks commercially known as thermalite,
leca, lytag and aglite, were carried out by Rostampour l]. The
test results were found to be closely predicted by the empirical
formula proposed by Herrrann f9] . This formula was derived from
numerous test results for a variety of blocks, both hollow and solid,
and was expressed as w = k 	 where
w: blockwork compressive strength
in: mortar strength
s: block strength
k: block characteristic constant.
Rostarnpour [51] suggested that a value of k = 0.9 should be used.
Herrnn's formula is also found to predict satisfactorily the ulti-
mate compressive strength of the assemblies of blockwork, constructed
in the same conditions as the infill panels and tested at the same
age (fourteen days) (series 6 of Table 3.5). The block strength
being l0.4N/rnm2 (Table 3.4) and the mortar strength 6.7N/mni 2 (Table
3.5), the predicted compressive strength is therefore equal to
8.1N/mm 2. The difference between the mean compressive strength from
tests and the predicted is, thus, less than 4%. The agreement is,
however, less good for series 1, 2and 3 and conservative for series
4. For this last series, the specimens were recovered from an
uncracked infjfl (IHM2) whereas for the first three series, the speci-
mens were recovered from cracked infills. The specimens were, never-
theless, inspected prior to testing and did not seem to contain any
visible cracks. The fact that they were recovered from infills which
were highly stressed could explain the relatively low compressive
strength they produced.
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3.4.5 Static Modulus of Elockwork
The initial tangent modulus of blockwork was calculated for the
five specimens prepared and cured in the same conditions as the
actual infill panels. Three pairs of emec discs were stuck syminet-
rically about the centre line (specimens 16 to 20 in figure 3.9) in
order to obtain a better estimation of the strain at the middle sec-
tion. Strains were measured with a hundred millimeter mechanical
teniec gauge. A typical stress-strain curve for this blockwork is
shown in figure 3.10. The initial tangent modulus was also calcu-
lated for the assemblies of blockwork recovered from IHM2 (specimens
8 to 14 in figure 3.9). The static modulus was obtained by conducting
a linear regression for all the points in the linear partof the
curve. These results have also been given in Table 3.5.
3.4.6 shear Strength of Blockwork Assemblies
It is generally accepted that the shear strength of masonry
follows Coulomb's law. Thus the shear strength is expressed as the
sum of the initial shear strength between the mortar and the masonry
units (bond shear strength) and an addtional strength due to friction
=	
+ 1.iG. p being the coefficient of friction and	 the pre-
compression applied. In order to determine 	 and p, twenty-two
speciniens were fabricated using model blocks as shown in figure 3.11.
The specimens were cured for three days under polythene sheeting and
then left uncovered in the laboratory until they were due for testing
(fourteen days). They were tested under different levels of precorn-
pression. The specimens were capped prior to testing with the same
mortar used for testing the blocks and assemblies of blockwork.
The shear test equipment is also shown in figure 3.11. The precom-
pression was applied by tightening the nuts on the two threaded rods.
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FIG. 311 SPECIMEN AND SHEAR TEST EQUIPMENT
The distribution of the loads was monitored by means of two elect-
rical strain gauges fixed to the two rods. The readings from the
gauges were monitored and used to control the tightening of the nuts
so that equal loads were applied to each rod. The load-cell was
used to monitor the total precompression load since it was 2. 6 times
sore sensitive than the strain gauged rods. This load was given to
an accuracy of ±9N. The calibration factor and the degree of accuracy
are given in Table 3.7.
Table 3.6 summarizes the tests carried out and the results
obtained. Some of the specimens were retested under a higher level
of precompression after some or all of the joints had failed. In
effect, once the joints had failed, the pieces were re-assembled and
were subjected to a higher level of precompression and then retested
again in shear. The failing load would, then, give the additional
strength due to friction 11% and therefore the coefficient of fric-
tion 1. But, as can be seen from Table 3. 6, the value of i seems to
increase with the level of precorepression applied. The mean value of
i varying from 0.27 for 	 = O.5N/mm 2 to 0.77 for a11 = 2.4N/mni2
(figure 3.12). One reason for this might, be attributed to the
testing procedure and the difficulty of reassembling the pieces in
their exact original places after the joints had failed.
For Hamid et a]) [70 test results, the opposite effect was
observed, ii decreased with increasing level of precompression for the
retested specimens. Adopting the same testing procedure and the same
type of blocks as those used in the current experimental investiga-
tion with a mortar mix 1 : 1 : 6in parts by volume, Rostampour[5lJ,
however, found that the shear strength of blockwork masonry triplet
due to friction was proportional to the applied precompression,
f = 0.73 . The initial bond shear strength was found experimentally
- 74 -
bs and 11C in N/mm2
a (N/mm2)
0	 0.5	 1.0	 1.2	 1.5
	
2.0	 2.4
f_ _
L 0.33
	
0.46	 -	 1.76	 -
2 0.46	 0.57	 -	 1.95	 -
3 0.28 0.15	 - 0.31	 -	 0.81	 - 1.14
	
-
4 0.28 0.12	 - 0.42	 -	 0.75	 -
	
5	 0.86	 0.87	 -
	
6	 0.68	 0.90	 -
	
7	 0.62	 0.51	 -	 1.30	 -
	
8	 1.00	 1.27
	
9	 1.20	 0.93	 -
	
10	 1.10	 1.81	 -
	
11	 1.10	 1.70	 -
	
12	 1.30	 1.55	 -
	
13	 1.35	 1.92	 -
	
14	 1.52
	
15	 1.31
	
16	 1.58
	
17	 1.99 1.84
	
-
	
18	 1.70
	
19	 1.89
	
20	 2.00
	
21	 2.30
	
22	 2.18
N.B. Mean compressive strengthoc thceel00 mm cubes of mortar was 6.8N/mm2
SD: 0.2N/min2
TABLE 3. 6: SHEAR TEST RESULTS
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to be equal to 0. SN/mm 2. Since testing triplets with failed joints
produced three different answers, ii increasing with increasing a11,
ii decreasing with increasing	 and u and a proportional, the logical
conclusion would be to reject this testing procedure and to rely only
on results obtained for triplets with unfailed joints and under dif-
ferent level of precompression. The relationship obtained by conduc-
ting a linear regression for the test results of the twenty-two
specimens (omitting those of the retested specimens) was f = 0 .34 +
O.76G as shown in figure 3.12.
3.5 CONSTRUCTION OF THE INFILLED FRAME
3.5.1 Reinforced Concrete Frame
The mixing was conducted in accordance with BS 1881 E54j. Only
one six batch was necessary to cast the frame, six 100 mm cubes, three
cylinders and three prisms. The aggregate and the cement were placed
in the O.2m mixing bowl and mixed for about two to three minutes to
ensure adequate dispersion. Then, while mixing, the water was poured
at a uniform rate into the bowl, mixing continued for two minutes
after the water had been poured. The mixer was then stopped and the
paddle and sides of the bowl were cleared down. The mould for the
frame, whose detail is given in figure 3.13, and those for the control
specimens were put on a vibrating table. The frame was cast horizon-V
tally. The reinforcing cage was welded to the tube which was bolted
down to the bottom of the mould. The different moulds were, then,
filled to about half their height and vibrated for about two minutes
to achieve compaction.
The moulds were then over filled and vibrated until all bubbles
of air disappeared to ensure a good compaction. The surfaces were
then struck off plane and levelled with the tops of the moulds using
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a palette knife. About three hours after casting, all the moulds
were covered by a sheet of polythene. The inner part of the mould
of the frame was removed less that twenty-four hours after the casting
to avoid any cracks in the corners due to shrinkage. The complete
denioulding took place twenty-four hours later. The frame and control
specimens were kept under polythene sheeting for seven days. The
test specimens and the frame were then uncovered and the frame was
put into a vertical standing position and cured for a further seven
days in the laboratory atmosphere before the infill panel was const-
ructed.
3.5.2 Infill Panel
The infill panel was built two weeks after the reinforced con-
crete had been cast. Before bui?d.Lng took place, the dimensions and
squareness of the frame were checked. Since the whole building oper-
ation lasted between six and eight hours, only half the quantity of
mortar needed was mixed, at a time, in accordance with BS 4551 E63J.
Three cubes were prepared from each batch of mortar. Each block was
damped in water for five seconds before it was laid. When the first
course was completed, approximately fifteen minutes were allowed for
it to set before starting the second. The process was repeated for
each course until the panel was completed. The main difficulty
arising was that of filling the gap between the top course of blocks
and the underside of the top beam. This j oint was filled as completely
as possible by ranuning in mortar from each side. As the building
operation lasted several hours and the mortar mix tended to dry out,
it was necessary to continually add water and remix the mortar by
hand in order to maintain a uniform consistency of mortar for the
whole operation. This involved a maximum total addition of approximately
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15% of the initial quantity of water in the mix. When completed the
infilled frame was covered by a sheet of polythene for three days in
accordance with BS 5628 (A.2.6) 6i]. After this, curing continued
in the open laboratory. The test took place two weeks after the wall
had been built.
3.6 TESTING OF INFILLED AND OPEN FRAMES
3.6.1 Test Arrangement
The tests took place inside an outer reaction frame made of
bolted steel blocks, identical to those shown in figure 3.14, the
width of which was 305 nun. The inside dimensions of the teat-rig
were 3654. mm (width) by 314.8 mm (height). When designing the test-rig
components, the arrangement, initially thought of, was to apply the
horizontal racking load at the top left-hand corner and to have the
vertical jack hinged at both ends with the specimen resting on two
simple supports. Difficulties were experienced in maintaining all of
the components of this set up in a vertical plane and the test arrange-
ment was revised to that shown in figure 3.14. The racking load was
applied at the bottom right-hand corner and the vertical jack was
fixed at its top end. Since half of the specimens were to be sub-
jected to a horizontal racking load only, it was necessary to design
the left-hand support to be capable of allowing horizontal and rota-
tional displacements whi1t supplying either a downwards or upwards
reaction. In order to achieve this, the left-hand column was exten-
ded. A tube was cast with the frame to provide a 38 mm diameter core.
This latter was an integral part of the support.
A steel axle was inserted into the core and had one ball race
bearing bolted to it at each end. The bearings were tightened by
self locking nuts. Two 200 mm tracks were designed for these bearings
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to keep them in parallel planes to the specimen and to prevent them
from lifting (figure 3.15). Thus the corner was free to rotate and
to translate. The whole support was bolted down to the outer frame.
Two pairs of bolts passing through the base of the support and
resting on the outer frame were necessary for the final adjustment
of the specimen. The right-hand support whose detail is shown in
figure 3.16 was also designed to allow the free translation arid rota-
tion of the bottom right-hand corner. The semi-circular seating was
used to facilitate, the final adjustment of the specimen, to ensure
it was truly vertical. The vertical load was applied by means of a
hydraulic jack coimected to a pump unit console. The load was dis-
tributed equally between the two columns by means of an I section
spreader beam. This consisted of a 203 x 152 mm universal beam sec-
tion with ten web stiffeners. The spreader beam was bolted to the
lowest plate of the vertical jack for safety reasons.
Two stabilizers as shown in figure 3.17, hinged at both ends,
were used to resist any tendency for the test panel to move out of
the vertical plane. For the specimens tested under combined loading,
these were bolted to two of the stiffening webs of the spreader beam
at one end and fixed to an adjacent steel testing frame at the other.
For the specimens tested without vertical loads, the stabilizers were
bolted to two steel chairs placed on the top beam of the reinforced
concrete frame at one end and fixed to the adjacent steel frame at
the other. The horizontal reaction was measured by a load-cell made
of high tensile steel of a diameter of 25 mm and 140 mci long. This
load-cell was hinged at both ends. It was bolted at one end to the
pivot and had a seating ball at the other (detail 1, figure 3.18).
The horizontal racking load was applied by means of a 23t hydraulic
jack, CRC 2510, with a 260 mm stroke. The jack was connected to a
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pressure gauge arid was hinged at both ends. Another similar load-cell
was Inserted between the jack and the seating ball (detail 2, figure
3.18). This load-cell was bolted at the end of the ram of the jack
which itself was bolted to the pivot. Details of both load-cells
are given in the following section.
3.6.2 Instrumentation
3.6.2.1	 Loads
The vertical load applied was directly given by the
machine to which the vertical jack was connected. This equipment is
regularly calibrated to class B, ES 1610: 1964 [7]TJ, and no special
calibration was therefore carried out for these tests. The horizon-
tal racking load applied was obtained by two means, pressure gauge
connected to the jack and load-cell fixed at the end of the rain of
the jack. Recording the readings from the pressure gauge was found
to be impractical and inaccurate. So recourse was made to a more
precise instrument (load-cell) to measure the actual horizontal load
applied. The load-cell calibration factor and its degree of accuracy
are given in Table 3.7. The details for the accuracy calculations
are in Appendix Bl. Four electrical strain gauges of a self temper-
ature compensating type were fixed to the load-cell at its middle
section. These constituted a full Wheatstone bridge (figure 3.18)
whose sensitivity was 2.6 times that of a quarter bridge (one elec-
trical strain gauge only). Their gauge factor and gauge resistance
were respectively 1.78 and 120 Q. The input voltage was provided by
a power supply and was of five volts. The output in millivolts was
recorded by an IMP data-lagger printer. The horizontal reaction was
also obtained by converting the second load-cell readings into KN in
a similar way. The calibration factor and the accuracy of the
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CALIBRATION
ACCURACY OF READINGS
FACTOR
*AN	 S. DEV	 (1)	 (2)	 (3)	 (4)
horizontal
9.8	 0.0583ack	
KN/dj	 Icrr/d.iv	 ±200N	 -pressure	 -
gauge
load-cell	 15.603	 0.025
	±2 N	 ±30N	 ±9N ±34NKN/mv	 KN/mv
load-cell 2 15.524	 0.012
	
±12N	 ±19N	 ±9N ±2ON
KN/rnv
load-cell 3 0.119
	
9x103
used for
	
±9N	 ±15tKN/is
	
KN/ps
shear tests
L.V.D.T. 1	 5.563x10 3
	5XIO	 ±O.5xlO3mm	 ±2xlO 3mm50 ins	
mm/mv	 mm/mv
stroke
L.V.D.T. 2	 10.2x103	 2x1O	
±Q.2xlO3mm ±lxlO 3mrn100 ruin	
mm/mv	 mm/mv
stroke
ELECTRICAL
16.2	 24.3x103 
±24.3x10 3 s	 ±7sDEMEC	
'his/mv	 ps/nvGAUGE
* MEAN of 6 calibrations
The details of calculations are given in Appendix Bi.
TABLE 3. 7: CALIBRATION FACTORS AND ACCURACY OF READINGS
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readings are also given in Table 3.7.
3.6.2.2	 Deflections
Two LV.D.T.'s (Linear Variable Differential Transducers)
were used to measure the lateral displacement of the lower beam and
therefore of the whole structure. These L.V.D.T. 's were set at the
bottom right and bottom left corners and had respective strokes of
fifty and a hundred mm. The L.V.D.T. T were connected to the data-
logger with the same power input of five volts. They were calibrated
against a mechanical dial gauge. Their calibration factors and the
sensitivity of the readings are also given in Table 3. 7.
3.6.2.3	 Photography
A precision camera (WILD C40 stereometric using one com-
ponent) was used to take photographs at different stages of loading.
The good quality, large format photographs obtained were used to
record the qualitative aspects of the behaviour such as the develop-
ment of cracking, the bending and rotation of frame members and the
locations of plastic hinges. At the same time, it was hoped that
using photograminetry techniques, it would be possible to measure strains
for the whole infili panel and the frame. Unfortunately the technique
was found not to be a viable means for recording strains in the elastic
range. The strains were given to ±4900ji strain. The detail of this
is given in Appendix B2.
3.6.2.4 Strain measurements
Initially, the means used for the strain measurements was
a 100 mm Cambridge electrical extensometer. Though it was satisfac-
tory when calibrated, when the actual test took place the readings
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were found to be rather variable. The reason for that might be
attrithted to the type of bemec discs used. In effect the exten-
soineter ball points did not fit perfectly into the holes of the beinec
discs. The extensometer also failed to record large strains (failure
of strain gauges). It was therefore decided to use a 100 mm mechan-
ical bemec gauge. This proved to be very satisfactory with nonethe-
less two disadvantages:
(i) Possibility of making errors when recording the readings or
when writing them down.
(ii) Long time to take one set of readings (forty to fifty minutes).
Inorder to overcome these difficulties, later tests employed a newly
developed 100 nun electrical b.emec gauge adapted from a standard rnech-
anical emec gauge.
The dial gauge indicator was removed and replaced by a L.V.D.T.
This latter was set up with a stabilized power supply which was set
to five volts ±2pv. The gain factor for the output of the L.V.D.T.
was altered so that one my output was equivalent to one division in
the niechanical beniec gauge. The L.V.D.T. spindle was at the same
height as the original one. This electrical b emec gauge was connec-
ted to the data-logger and was provided with a switch to trigger the
logger in order to increase the speed with which the readings are
taken and also to give the possibility to retake some doubtful read-
ings. The data-logger was programmed accordingly. The electrical
3einec gauge proved to be very efficient (time of taking a set of
readings was reduced by 50%) and was as accurate as the mechanical
beniec gauge against which it was calibrated. The calibration factor
and the accuracy of readings are given in Table 3. 7. The strains
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were measured along the two diagonals and the periphery of the wall
and for thirty-six sections of the frame. The bemec disc disposi-
tions are given in figure 3.19.
3.6.3 Setting Up and Test Procedure
When due for testing, each specimen was painted with white
emulsion in order to facilitate the detection of cracks. The specimen
was lifted into the test-rig with a fork lift and supported in an
upright position. The left-hand support was bolted down to the outer
reaction frame. The specimen was then brought to the middle and the
axle was inserted into the core of the left-hand column extension.
)
Then the two ball race bearings were tightened to it. This by itself
stabilized the specimen. The right-hand support was then arranged
under the specimen. The two pairs of bolts of the left-hand support
were then adjusted to bring the specimen into a truly vertical posi-
tion. Once the specimen was set square in the test-rig, a small
horizontal pressure was exerted in order to hold the two vertical
plates against the specimen. It was ensured that the horizontal jack
and the two load-cells were parallel. In tests involving the applica-
tion of vertical loads on the columns, the horizontal plates and the
rollers were set and the spreader beam was brought down until contact
took place. The stabilizers were then bolted to it. This constituted
the initial stage. The first photograph and the first set of bemec
readings were taken.
The vertical load was then applied in increments of 50 KN up to
250 KN. For each stage, readings of the two load-cells and the deflec-
tions were recorded. At the end of the application of the vertical
load, a second set of temec readings was taken. The application of
vertical loads on columns resulted in a very small lateral movement
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FIG. 3-19 DEMEC DISC DISPOSITION FOR INFILLED FRAMES
and therefore in a very small horizontal reaction. This movement was
either negative (opposite sense to the application of the horizontal
load) or positive. It varied from-0.2 mm to 0.9 mm and the resulting
horizontal reaction was of the order of 1 KN.
Then the horizontal load was applied in small increments. In
the initial part of the load-deflection response, readings were
recorded almost every ten seconds. The loading was halted when taking
emec readings or at each significant change in behaviour in order to
mark the cracks in frame and infill and to take photographs. These
photographs were taken only when major changes occurred. The cracks
were marked and given a number indicating the stage in order to follow
the sequence of their development and also to record them in the load-
deflection diagrams. This would facilitate the analysis of the photo-
graphs and the identification of collapse mechanisms. This is
discussed in Chapter 4.
During the period in which each set of öemec readings was taken,
the horizontal deflection was kept constant and this resulted in a
dropping off of the load in the jack and necessitated small adjust-
ments of jack pressure. The load also dropped at each major crack in
infill or frame. This drop was more significant when the cracks
occurred in the infill. This effect is shown in the respective load-
deflection diagrams in the following chapter. It was very difficult
to monitor precisely the loads at which the first cracks occurred in
the frame and in the infill and the peak load reached in the tests.
The load-deflection readings were taken well beyond the peak load in
order to follow the descending branch until collapse eventually
occurred.
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CHAPTER 4
PRESENTATION AND DISCUSSION OF TEST RESULTS
4.1 GENERAL OBSERVATIONS
When subjected to an in plane racking load, the response of an
infilled frame passes through several phases. These phases are best
illustrated by two sets of photographs (figures 4.1 and 4.2) taken at
different stages of loading for respectively a typical 'IH' specimen
(infilled frame under horizontal loading only) and a typical 'IC'
specimen (infifled frame under combined loading). During the early
stages of loading, the distortion seemed to be symmetrical with a
very small sidesway movement and both columns remaining sensibly
straight. The first visible cracks detected were those which formed
adjacent to the unloaded corners. These boundary or peripheral cracks
occurred at the mortar-concrete or mortar-blocks interfaces and were
very fine. They, sometimes, ran doin some perpendicular joints parti-
cularly for the 'IC' specimens. It was only at later stages of load-
ing, when the flexural deformations of the frame members increased,
that they opened up. These boundary cracks preceded or occurred at
the same time as those which developed in the frame. These latter
occurred at one or both loaded corners and/or in the windward column
for the 'fli' specimens.
At this stage, the distortion of the 'fli' frames was clearly
non-symmetrical. For the 	 specimens both columns remained
uncracked. Following the initial cracks, more cracks developed in
the frame until the infill cracked. For some infilled frames, the
mull and the frame cracked simultaneously. The first visible
cracks in the inf ill occurred along the compression diagonal and
once initiated they usually ran through both mortar and blocks.
Following this initial diagonal crack,, more cracks developed and
- 86 -
aS
•;.... r - .
• .	 •	 S.- S	 C .4 	 •
-,__..__._._4.__¶,s. ....4 S	 •• S	 I.
.. ...	 / L..I	 . ' Cl
r
5..	
.\	 . 
a 41
I. a a	 -
S	 • •"t. 	 S
•
1:;: :
	 :>;	 :p a •
11.
II. I S S $ssS.sq
ir ..--t .	 •
— - • • J. I— . •5 5 . 5--.
a..	 •	 ________
.wf. i.	 .
a a a a
•. 5
	
1
• - '': :' • •
	
•	 •	 .
I	 iS	
•
j
•
U p• a •
•.	 I	 •.q• .55
(	 si4.s.5s11 a
- • • p ..
S..	 • —. .-...-	 - -.5---5 •	 •_ a	 -	 -	 -	 -	 -
i•	 ( b,	 .r.::ri ':re: ' r•'
Ir. frrsr.
- S •'—'	 - -
.	
- —U--...- -4 • • S,
a,. • ____
	
.ss••e• S S •	 I
p
la..SS.	
; S S
S.
•	 a
S
:	
7;(I'.5S
• a • •Ss.Sa•.
'S....
Ci I S S
•	
•	 •	 •	 55
..••	 •	 S	 ••	 S.•
I_i - --	 - __!
(e)	 ?"	 ••••i	 ..
• ;--;-. :..:"-
	
-5---- ¶-tI• •_.	 ,.:S......•p•. S S I
_lI,__. S I
5s• )•
	
S
5	
•• -
	 5
I. a a • !eISl4ilI?S1.
• ii a a S •a.s.aSa
• .• .- -a--- —
•:•	 :	 :	 :.:	 :
	
- . S -. -	 - - •
S S •- ---•- .4.
-	 _ .'
	
•.i.i5 .	 .	 a	 a
a	 •.	 -I n .	I.	 a	 .5I • . S•.SS aaS •	 S I S
. ; J ...	 .	 S	 •
. ::
• a • SS•.SI..I.
SI	 _Iw• ..aS
lsII	 • •	 S
• S Sb	 5	 5	 5 .pflea —. _S • •. —. ...
• ?	 at -	 -	 -
I i
	 !:r.LarLi...	 f	 :.
?ri:' ii i intill
a ' _-	 -
• •• .•.-:j;.
• —: i' • —
I•••.•	 S	 I
i . '	 5• 1 •	
I	 .	 S
. i _4
	
a	 •
11. 5
	
1 "i: :.
I -
	
I.4 •
: a a
1.! I S S I. S S SS S
	
14•,•;_.._•__:
	 -t•.
(e)	 •	 •. •..' •	 • :	 •	 •• ....• •...	 ri	 q .'. • i	 • !.	 i •	 .....
in tu' win iwnrd imd	 derjecti,n
(nc'uic mad)
1.
FT"TJ?	 •	 AtLTTRB8EUENCFFORATYPICAL'P!' ___F.'ME:
• •,	
.	 e	 C
L
	
•	 C	 -	 .	 .•..'
	
•	 I	
.	 •••r.
	
•	 S	 .	 :
• •
	
-.	
. •. • . . :. -: . :	
•
	
1.	 1	 •.
	
•.ISs	
I	 II	 S
L-	
:_..
.',	 -.• . '' •	 . • - 
4
••	
- y.. • •	 •	 ••
•...	
••	 •.	 .• 
1.
.5	 .•
• I
I
•	 ..	
C
I	
•
a	
•	 .	 a..,
;-••
(c) propagation ' f 'ri k.
Iv' -C
I	 C
	
•	 I 	 p
Ti
	
•	 a
:	
•;;••
•	
•/?••	
C I5 • . .. :	 .
	
[ 
•	 •.s.. •.•e,
	
•	 ......S	 •	
•
--S --4 .
 - S •
	
.5	 a	 .__ -----	 a_S
(ri)	 rr!	 :.r. .r!1cf.:	 •	 i.
r:!i11
-C., --- • •
I
--
I
.	 •	 . •.•.•• ....
	
•	 •	 C	 I
•	 S	 S C • •
	I 	 •_.__..e_a._•_a
Cd) sptc. r. • t p'ak
:':
(..)	 •-r •	 -, ........r :• i	 I
FIGURE L.2: SEQUENCE O FAILURE F .)' A TIFF- A: ':'
seemed to converge towards the bottom right corner. The other pheno-
menon observed was the relative weakness of the inf ill top course.
In effect, for most of the infillec3. frames tested, a horizontal crack
formed along a part of, or the whole bed joint of the top course.
Cracking of the infill did not constitute the end of the test. The
structures were capable of carrying more load until collapse occurred
in the frame. The different modes of failure are discussed in
section 4.4. For most of the infilled frames tested, the leeward
column remained sensibly straight and uncracked when collapse
occurred.
4.2 LOAD-DEFLECTION GRAPHS
Three sets of load-deflection diagrams have been plotted.
The first set gives the actual load-deflection diagrams. The second
gives the simplified or idealized ones and the third gives the
initial elastic reponse for all the specimens at an enlarged scale.
The first set gives a full picture of the whole response. The
second set has been necessary for fixing the limits for the differ-
ent zones of the load-deflection diagrams and also for defining the
plastic collapse load and therefore might be exploited for design
purposes. The third set has been used to calculate the racking
stiffness values. Plotting the load-deflection graphs at an
enlarged scale has eased the problem of fixing the limits for each
zone of the load-deflection diagrams. From these graphs, it has also
been possible to estimate the loads causing the first cracks in the
frame and in the infill. These are reported and compared to the
observed values in Table 4.1. The enlarged diagrams have also been
used for the calculations of the lateral racking stiffness prior to
cracking of the frame, after cracking of the frame and after cracking
of both the infill and the frame. The actual load-deflection graphs
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.ce.	 given in figures 4.3 to 4.7, the idealized graphs in
figures 4.8 to 4.10 and the enlarged scale plots are given in
Appendix C
4.3 GENERAL RESPONSE OF INFILLED FRAMES
4.3.1 Response Prior to Cracking of Infill
Prior to cracking of the infill, the response might be consi-
dered linear. Five distinct types of load-deflection responses have
been obtained depending upon the order of cracking of the frame and
the infill. These have been illustrated in figure 4.11. The general
load-deflection response, prior to cracking of the infill, may be
subdivided into three stages.
Stage 0: Initial "bedding in"
During the early stages of loading, the response is non-linear and
of an indefinite type. This initial non-linear portion varies for
each specimen tested. It has been represented in the idealized
load-deflection diagrams as 00 and represents a small proportion
(2 to 15%) of the peak load (column 12, Table 4.1). It is possible
that this might be due to slip between the frame and the infill,
lack of fit (especially for the top course as discussed in section 3.5),
or setting up imperfections. From the tests, there was no visible
evidence of a slip occurring between the frame and the inf ill. The
lack of fit, if present concerns only the top course. It seems
likely, therefore, that setting up imperfections, are mainly respon-
sible for this initial non-linearity.
Stage 1: Linear uncracked response
After 0', the response is linear until the frame cracks. In the mean-
time, the peripheral cracks will have occurred. For some infilled
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CRACKING OF THE INFILL
frames, the peripheral cracks occurred at the same time as those
which developed in the frame. These peripheral cracks were observed,
instead of the neat separation described by investigators testing
infilled steel frames, because of the existence of a better bond
between the
	 ae. and the xdl. Their occurrence, however, did
not significantly affect the response which remained linear elastic
with no changes in lateral stiffness (observations from the actual
load-deflection graph). The slope of the load-deflection relation-
ship in this region may be termed the initial racking stiffness.
This has been represented as O'A in the idealized load-deflection
diagrams or 0 'B when the infill and the frame crack simultaneously.
Stage 2: Linear reponse after frame cracking
The cracking of the frame, especially in the windward column, was
accompanied by a change in stiffness except for three infifled
frames (Graph 1, figure 4.11). The response remained, however,
linear at this reduced stiffness until the infill cracked. The
dropping in stiffness varied from 0 to 63% (column 6, Table 4.1).
This zone has been represented as AB in the idealized load-deflection
diagrams. During this stage, more cracks developed in the frame and
some of the initial cracks propagated or opened up.
4.3.2 Post-Cracking Response
For the type of infilled frames tested, cracking of the infill,
in general, constituted a critical stage because the load-deflection
response changed from a linear state to a non-linear one. The
cracking of the infill was, in general, followed by a substantial
drop in stiffness (column 7, Table 4.1). In one case (ICS1**) the
load causing the cracking of the infill was the actual peak load
reached in the test. The dropping in stiffness varied from 0 to 169%.
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The post cracking response may be subdivided into two phases forming
Stage 3 and 4 of the overall load-deflection diagrams: stage 3 cover-
ing parts of the load-deflection diagrams until the peak load is
reached and Stage 4 covering the post peak load response.
Stage 3: Pre-peak load response
Once the frame and the infill had cracked, the response became
slightly non-linear due to increasing amounts of cracking both in
frame and infill. This part has, nevertheless, been approximated
by one or two straight lines in the idealized load-deflection diag-
rams (figures 4.8 and 4.9). After the initial diagonal crack had
occurred in the infill, more cracks formed and seemed to concentrate
in the top left quarter of the infill. The condition of the infilled
frames at peak load is shown in figures 4.12 to 4.14. It can be seen that
in most cases the extent of cracking and crushing in the infills is
realtively minor. The exceptions are the two weaker frames with the
weak infill (IHW1 and IHW2), in which there is quite extensive crack-
ing but still no significant crushing.
Stage L: Post-peak load response
Once the peak load had been reached, the responses may be classified
as either plastic (presence of one or two long plastic plateaux) or
brittle (presence of a very short plastic plateau followed by a
rapid drop in load). The individual idealized load-deflection diag-
rams have been given in figures 4. 8 and 4. 9. When the peak load had
been reached and passed, the cracks, both in infill and frame, opened
up, and new cracks developed. Eventually crushing occurred in the
infill at one or both loaded corners. At this stage, there was con-
siderable disintegration of the infill and in some cases even blocks
in the centre of the infill were crushed. In most cases, the failure
of the bounding frame was due to the development of a sufficient
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number of plastic hinges to give rise to a plastic collapse mechanism.
In some cases, however, shear failure or tensile failure occurred
before the plastic collapse mechanism had fully developed.
Figures 4.15 to 4.17 show the infilled frames at large deflection or
after complete failure. Two plastic collapse mechanisms have been
identified. A detailed description of the different modes of failure
and their classification is given in section 4. 4.
From the idealized load-deflection diagrams, the post-peak
load responses may be categorised as follows:
(j) Presence of a long plastic plateau
This type of response was observed in some of the infilled frames which -
developed a plastic collapse mechanism (IH1l, IHM3, ICM1 and 1CM3) and
also in ICM2 in which collapse was due to shear failure of the lower
beam (figure 4.16(b)).
(ii) Presence of two plastic plateaux
At the end of the first plastic plateau, there was a sudden drop in
load. This might be attributed to the increasing amount of cracking,
especially in the infill. This drop was particularly important for
fl-IMl, because at that stage, the top course separated from the rest
of the infill and extensive crushing occurred in the top left-hand
corner of the infill. Afterwards, the load stabilized for a while.
This resulted in a development of a second plastic plateau until
collapse occurred. This type of response was also observed in some
specimens which developed a plastic collapse mechanism (IHW2, IHW3
and ICSl) and in IHM1 which would have developed one if a premature
failure of the infill did not occur (this is discussed in section
4.4.3).
(iii) Presence of a very short plastic plateau
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For this category, there have been three possible responses:
a) The load causing the inf ill to crack was the peak-load. Follow-
ing the cracking of the inf ill, the load dropped and then stabilized
for a while to allow the development of a short plastic plateau.
This was followed by a drastic drop in load (case of ICS1**).
b) A short plastic plateau was reached after peak-load. It was
followed by a drastic drop in load, as in a). This type of response
was observed for 111M2* and ICM2*. For oases a) and b), the bounding
frame eventually failed in shear (the failure occurred in the wind-
ward column near the junction with the top beam) as shown in figures
4.15(e) and. 4.16(c).
c) The response was similar to b) but with a relatively smooth
descending ljranch. This type of response was observed.for ICM4 and
ICM5. For these two infilled frames, at peak-load, frame deformations
were concentrated in the opening corners (figure 4. 1 4( c ) and (ci)).
4.4 MODES OF FAILURE OF INFILLED FRAMES
4.4. 1 General
From the observations made during the test and from a careful
study of the photographs taken as each test progressed, a number of
different modes of failure have been identified on the basis of the
behaviour of the bounding frame. Most of the infilled. frame failures
involved the formation of a mechanism in which flexural failure only
of the reinforced concrete frame occurred at various locations. In
addition to these modes of failure, some frames failed either in
shear or due to tension in the windward column.
4.4.2 Normal Collapse Mechanisms, Involving Flexural Failure
of Frames
Two collapse mechanisms have been identified (figures 4.18 and 4.21
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as representing the normal behaviour of the majority of the frames.
The first one was associated with the 	 specimens and the second
with the 'IC' specimens. One specimen, ICS1, did however develop
a mechanism which was a combination of the two. The detailed dis-
cussion for these mechanisms is given below.
a) Mechanism 1
This mechanism was observed for half of the 'III' specimens (IHW1,
IHW2, IHW3 and IHM3). The description of failure modes for the other
half is discussed in section 4.4.3. The idealized representation for
this mechanism is shom in figure 4.19.
	
Figure 4.18 illustrates
this mode at peak load and at large deflection. The first hinges in
the bounding frame occurred in the loaded corners. The windward
(tension) column showed many horizontal cracks but only one of them
was critical and it was at this position that the plastic hinge
formed. The cracking in the top beam formed in the right half to
yield a long zone of curvature which may be represented by an ideal-
ized plastic hinge occurring in the vicinity of the middle of the top
beam. Following the first diagonal crack in the infill, more cracks
developed in the top left quarter of the infill and seemed to converge
towards the bottom right loaded corner. The infill was more strained
towards the top of the diagonal than the bottom. This phenomenon has
been confirmed by the strain readings taken along a hundred mm wide
band of the compression diagonal while the response was still linear
(Appendix IJ). The reason for this might be attriboted to the non-
synirnetrical distortion of the infilled frame. This is probably due
to the difference in behaviour of the two columns. The leeward
(compression) column remained straight and uncracked even after
failure, whereas a hinge formed in the windward (tension) column,
which was subjected to a combination of tension, flexure and shear
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FIGURE 4.18: TYPICAL ILLUSTRATION OF MECHANISM 1
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FIGURE 1. 20: SPECIMENS DEVELOPING MECHANISM 1
b) Mechanism 2
Three 'IC e specimens, ICM1, ICM3 and ICM5, developed mechanism 2. This
was characterised by the relative symmetrical distortion especially at
peak load as shown in figures 4.21 and 4.22. In effect both columns
seemed to have remained straight while hinges were enforced approx-
imately in the middle of both beams and in the loaded corners. Even
after peak load, the two columns remained almost uncracked. For ICM5,
however, the hinges in both beams developed well after the peak load
had been reached and its infill showed one major diagonal crack which
continued to open up until failure. At failure the whole bed joint
of the top course was cracked. Eventually, the infill crushed in the
vicinity of the bottom right-hand corner and in the top left quarter
of the infill as shown in figure 4.23(d). For ICM1, after the infill
had crushed at both ends, the concrete of the right support disinteg-
rated after failure (figure 4.23(a)). For ICM3, at later stages of
loading, a diagonal crack at the top of the windward column developed
but failure of the frame eventually occurred by disintegration of the
left support concrete. A lot of movements of parts of the infill were
observed as for IHM3. There was also a bond failure of the top course
as shown in figure 4.23(b).
c) Combination of the two mechanisms
The difference from the previous mechanism was that a hinge developed
also in the windward column as shown in figure 4.24. This was
observed only for one infilled frame, ICS1. When the peak load was
reached, only one major diagonal crack was observed together with a
horizontal crack along almost the whole bed joint of the top course.
Flexural cracks were also observed in the windward column. Eventually,
towards failure, the diagonal crack in the inf ill opened up and more
minor cracks developed mainly in the top left quarter of the infill.
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(a) at peak load
(b) after failure
F GUR' .2l: TYPICAL ILLUSTRATION OF MECHANIS !I 2
Idealized hinge
Zone of
inf ill distress
(a) Frame distortion at peak Load
(b) Specimen after failure
FIG. L.22 IDEALIZED REPRESENTATION OF MECHANISM 2
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FIGURE 4.23: SPECIMENS DEVELOPING MECHANISM 2
(a) at peak load
(b) after failure
FIGURE 4. 24.: SPECIMEN DEVELOPING A COMBINATION OF
MECHANISMS 1 AND 2
At the same time, the hinges in the bounding frame definitely opened
up and coilpase followed. The leeward column remained straight.
4
4.4.3	 Special Cases
The infilled frames which developed mechanisms different from
those described in the previous section may be classified into five
groups.
a) Premature failure of frame (case of IHM2)
Only the windward column extension failed. Th concrete around the
cast tube which is part of the support crushed and the steel welded
to the main cage yielded without breaking. This additional steel was
not welded to the tube and that might have been the reason for this
type of failure. The inf ill remained uncracked and absolutely intact
(figure 4.25(a)). 1'hen failure occurred, the load-deflection response
was still linear elastiä. The only cracks observed in the frame
developed in the loaded corners and the windward (tension) column.
b) Premature failure of infill (case of IHM1)
For most of the infilled frames tested, there had been a bond failure
of a part of, or the whole bed joint of the top course after the
occurrence of the initial diagonal crack in the infill. For IHM1,
this bond failure of the top course occurred prematurely and no diag-
onal crack developed. The rest of the inf ill remained intact as shown
in figure 4.25(b). Th frame, however, developed hinges in the ten-
sion column (approximately 180 mm from bottom face of top beam as also
shown in figure 4.25(b)) and in the loaded corners. Flexural cracks
formed in the top beam. One of these cracks would have probably
developed into a hinge if the top course had not failed. This
resulted in a release of the pressure exerted by the infill against
the top beam. The frame distortion was fairly similar to those
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FIGURE 4. 25: ILLUSTRATION OF FAILURE INVOLVING OTHER FRAME
FAILURE MODES (special cases (a-c)
developing mechanism 1. Thus, IHM]. would have probably developed
mechanism 1 if the diagonal crack in the infill had occurred. The
load-deflection response showed two plastic plateaux (section 4.2).
c) Failure of the frame without failure of the infill (case of 11181)
For this combination of the weakest frame and the strongest infill,
S, the windward column reached its ultimate strength and the reinforce-
ment yielded at the column extension. No cracks were produced in the
- infill, as shown in figure 4.25(c). When failure occurred, the load-
deflection response was still linear elastic. After failure only
peripheral cracks in the unloaded corners and horizontal cracks in
the tension column were observed. A diagonal crack had developed
in the tension column near the junction with the top beam. The
ultimate load reached was less than the ultimate tension load based
on yielding of the four main reinforcing bars in tension. It is
thought this was probably because the windward column was subjected
to a combination of tension and flexure.
d) Frames in which shear failure limited the development of hinges
The shear failure occurred either in the windward column, near the
junction with the top beam (IHM2*, ICM2* and Icsl**) as shown in
figure 4.26(a, c and d) or the lower beam (1cM2) (figure 4.26(b)).
In the first case, only one major diagonal crack in the infill was
observed at peak load. It continued to open up accompanied by
increased flexural frame deformation until shear failure occurred.
The three load-deflection responses were similar (short plastic
plateau followed by a drastic drop in load when the shear failure
occurs). As for ICM2, though it failed in shear of the lower beam,
the load-deflection response showed a long plastic plateau. The
pattern of cracking in the infill was similar to that observed in
specimens which developed either mechanism 1 or 2. Because of the
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FIGURE 4. 26: ILLUSTRATION OF FAILURE INVOLVING OThER FRAME FAULURE
MODES (specicit cases (dande)
similarity of the infilled frame distortion with those of ICM1, ICM3
and ICM5, ICM2 would have probably developed into mechanism 2 if
shear failure of the lower beam had not occurred. Similar comments
may be made about IHM2*, ICM2* and ICS1**. The first would have
developed into mechanism 1 and the last two would have developed
either mechanism 1 or a combination of mechanisms 1 and 2 as ICS1 if
shear failure of the windward column had not occurred.
e) Frame in which only three hinges developed (case of ICM4)
At peak load, frame deformations were concentrated only in the opening
corners (figure 4.26(e)) and the infill showed only one major diagonal
crack. This crack continued to open until failure occurred (figure
4.26(f)). After the peak load had been passed, a hinge developed in
the windward column. No hinge developed in the top beam but flexural
cracks formed, and at a later stage cracks also formed at the top of
the leeward column (see figure 4.26(f)). Thus, although this specimen
failed to fully develop mechanism 1, the mode of deformation is
similar with the concentrated beam hinge being replaced by distributed
deformation in the beam and the top of the leeward column.
4.5 PRINCIPAL PARAMETERS FROM TESTS
4.5.1 Load Causing the First Cracks in the Frame
This load has been estimated in two ways:
(i) From the recorded load when the first visible cracks were
detected with the aid of a magnifying glass. This load is referred
to as HCF(0).
(ii) From the change in slope of the load-deflection graph. This
load is referred to as HCF(G).
The agreement between the two estimates was found to be poor. The
- 98 -
difference ranged fr9m 9% to -20%. Both estimates are recorded in
Table 4.1. The reason for this d..screpancy might be attributed to
the difficulty of monitoring the precise load at which the first
crack in the frame occurred. In effect, the recorded load was in
general taken after the cracks had already formed.
4.5.2 Load Causing the First Cracks in the Infill
It was difficult to record the precise load, at which the first
cracks in the infill were observed because of their sudden occurrence
and the subsequent drop in load which followed. This load, HCI(o)
has been checked against the one obtained from the graph 11C1(G) (major - -
change in stiffness). The agreement between the two estimates was
good with the difference ranging from -5% to 9%. The load obtained
from the graph 11C1(G) is adopted and defined as the one to cause
the infill to crack. This is used in Chapter 5 where the test results
are compared to those obtained from the theoretical and the empirical
methods available. HCI(G) and HCI(o) are also recorded in Table 4.1.
4.5.3 Ultimate Carrying Capacity
Like the previous one, the precise value of this load was
difficult to monitor. But unlike the previous load, this value could
not be checked. The values recorded in Table 4.1 are the highest
loads recorded by the data-logger. This load is referred to as Hue•
4.5.4	 Plastic Load
This value has been obtained from the simplified load-deflection
diagrams and is referred to as H . This is thought to be morepe
reliable than Hue as a measure of the ultimate load of the structure.
The recorded values of Hpe are also given in Table 4.1.
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4.5.5 Racking Stiffness Values
The initial racking stiffness, 5He' has been obtained from the
slope of the 'best fit' line drawn in graphically, O'A, and from the
best fit by linear regression ignoring the 0 point to eliminate any
initial zero errors. The agreement between the two estimates was
found to be remarkably good. The latter estimates are thought to be
more accurate and are therefore adopted and reported in Table 4.1.
The lateral stiffness has also been estimated in a similar way after
cracking of the frame (section AB on the graph) and cracking of both
the infill and the frame (section BC on the graph). The results are
reported in Table 4.1 which also contains the various loads obtained
from the tests. The secant 	 values (from Ot to point of
first infill cracking) are also reported in the same table.
4.6 EFFECT OF THE DIFFERENT VARIABLES
4.6.1 Effect of the Infill
The presence of the infill inside the frame not only increased
the initial lateral racking stiffness and the ultimate strength of
the open frame, but also changed ' the mode of frame distortion and
greatly reduced the sidesway at maximum load arid at the onset of
plastic collapse. The occurrence of the cracks in the frame was also
delayed. Table 4.2 clearly illustrates the effect of the infill by
comparison between the principal parameters obtained for the infilled
frames and their corresponding open frames. From Table 4.2, it can
be seen that the initial racking stiffness increased by a factor
ranging from 5.9 to 14.0. The increase in strength by a factor
ranging from 2.4 to 8.6 and the increase in the frame cracking load
by a factor ranging from 2.5 and 22.3. The reduction in sidesway
deflection when the plastic stage was reached ranged from 25 to 73%.
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H	 H	 Stiffness	 H	 H..	 H	 HSpecimen	 CF	 CI	 pe ue _
	 Q
Designa-	 (KN)	 (KN)	 (KN/rrnn)	 (KN) (KN) H01 Hue
tion	 0	 G	 0	 G	 1 .2	 3	 4
OH1	 4.4 4.0	 -	 -	 0.9 0.4
	
-	 - 11.2 11.5
	
- 20.9
IHWL	 12.8	 - 18.0 17.0 5.3 5.3 2.0 5.4 25.0 27.6 1.47 4.7
IHM1	 15. 5 15. 5 47. 6 46.0 6.3 4.6 1.1 4.. 6 50. 5 53.6 1.10 4. 7
IHSJ.	 28.1 30.6	 -	 - 10.4 5.6	 -	 -	 - 56.3
	
-	 8.5
OC1	 5.6 4.9
	 -	 -	 1.5 0.9
	
-	 - 10.6 10.9
	
- 20.2
ICM1	 44.9 29.0 45.1 44.6 12.1 6.5 3.8 9.0 58.6 61.9 1.31 8.1
ICS1	 57.6	 - 63.7 63. 7 15. 5 15. 5 3. 9 15. 5 73.0 76.0 1.15 8.8
ICS1**	 60.3	
- 93.9	 - 16.0 16.0 -11.0 16.0 82.9 93.9 1.00 7.1
0H2°	 7.0 7.0	 -	 -	 0.8 0.6	 -	 - 15.0 15.6	 -	 2.6
IHW2	 17.4 17.4 17.4 17.4 7.4 4.6 4.6 7.4 40.8 41.0 2.34 13.4
IHM2	 35.2	 -	 -	 -	 6.7 6.7	 -	 - 50.0	 -	 9.2
IHM2*	 27.4 25. 9 59.3 59.3 9.1 7.3 0.9 7. 9 61. 5 63. 4 1.04 5.5
002	 - 12.4
	
-	 -	 1.2 0.9
	
-	
- 25.0 25.6	 -	 0.0
ICM2	 57.9 48.1 57.9 57.9 11.4 4.2 2.1 8.4 62.5 67.3 1.08 14.9
10M2*	 60.3
	
- 65.8 65.8 16.9 13.2 4.2 15.6 81.9 85.1 1.24 2.2
IHW3
	
28.3 32. 5 29. 7 32. 5 7. 8 5. 9 5.9 7. 8 44.0 54. 3 1.35 7.9
IHM3
	
36.8 35.8 36. 8 35. 8 5. 5 2.6 2. 6 5. 5 45.0 51.4 1.26 11.9
ICM3
	
31.6 25.0 41.0	 - 12.0 6.3 6.3 7.5 55.0 58.9 1.34 8.3
ICM4
	
65.2 48.5 55.0	 - 14.4 9.4 9.4 14.3 88.0 93.7 1.60 6.0
ICM5
	
51.7 51.7 74.1 74.1 16.2 12.3 6.2 14.6 90.9 92.7 1.23 3.0
Notes 1: Initial lateral racking stiffness
2: After cracking of frame
3: After cracking of frame and infill
4: Secant stiffness
0: Observed: G; Graph; He ,; Load at 0'
TABLE 4.1: PRINCIPAL PARAMETERS FROM TESTS
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increase increase increase increase reduction reduction
specimen	 in	 in	 in	 in	 in	 in
designa- stiffness strength strength 	 H	 6	 6CF	 ue	 petj.on	 H	 H
ue	 pe
%
OH].	 -	 -	 -	 -	 -	 -
IHW1	 489
	
140	 123
	
220	 78	 65
IHM1	 600	 366	 35].	 288	 69	 30
IHS1	 1056	 390	 -	 665
	
83	 -
0H2°	 -	 -	 -	 -	 -	 -
111W2	 825	 163
	
172	 149	 42	 60
IHM2	 738	 221A	 -	 403	 82	 -
IHM2*
	
1038	 306	 310	 270	 78	 63
OC1 -	 	 -	 -	 -	 -
TCM1	 707	 468	 453	 492	 11	 25
ICS1	 933	 597	 589	 1076	 52	 44
ICS1**	 967
	
762	 682	 1131	 63	 46
0C2 -	 	 -	 -	 -	 -
ICM2	 850	 163
	
150	 282	 35	 73
ICM2*
	 1308	 232	 228	 386	 63	 71
A:	 specimen failed prematurely
HCF: load causing the first cracks in the frame
ue deflection at peak load from experiment
pe deflection when plastic plateau is reached
TABLE 4.2: EFFECT OF THE INFILL
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46.2 Effect of the Infill Thickness
Table 4.3 illustrates the effect of the infill thickness by
comparing the same frames used in combination with infills of differ-
ent thicknesses for both '1ff' and 'IC' specimens. From Table 4.3, it
can be seen that the thicker the infill, the stiffer and the stronger
is the infilled frame. The use of a thicker infill also delayed the
occurrence of cracks both in infill and frame.
There was, however, one case where a theoretically stiffer and
stronger specimen, IHM3, was less stiff and of approximately the same
strength as IHW3. The possible explanations for this unexpected
result might be attributed to the following factors:
a) The frame of IHM3 was dropped accidentally prior to building of
the infill and this caused some slight cracking in all elements of
frame. This could be expected to have a direct influence on stiffness
only.
b) The disposition of reinforcement for the frame of IHM3 was
slightly different from that of 1HW3 (see Appendix A), especially
in the opening corners. This could be expected to have a direct
influence on the strength of the frame and therefore on that of the
infilled frame.
c) Since 111W3 was constructed and tested well after IHM3, the
improvement in workmanship could be expected to have a direct
influence on the strength of the infill. The sort of movements observed
.n the infill of IHM3 during the test as described in section
4.4.2 suggest that the bed and perpendicular joints were badly filled
since most of the crabks occurred in the joints rather than in the
blocks.
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	increase increasa	 increase	 increase	 increase
	
in	 in	 in	 in	 in
specimen	
stiffness strength	 strength	 HCF	 Hcidesignation
II	 H
ue	 pe
IHW1- -	 -	 -	 -
IRM1	 19	 94	 102	 21	 171
IHS1	 96	 104
	
-	 139	 -
IHW2- -	 -	 -	 -
IHM2*	 23	 55	 51	 49	 241
IHW3- -	 -	 -	 -
IHM3
	
-30	
-5	 2	 10	 10
ICM1 -	 	 -	 - -	 -
ICSI	 28	 23	 25	 99	 43
ICS1	 32	 52	 42	 108	 111
Note: Minus sign indicates a reduction
TABLE 4.3: EFFECT OF THE INFILL THICKNESS
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4.6.3 Effect of the Vertical Loads
The application of vertical loads on columns resulted in .
	 -
substantial increase in stiffness. The 'IC' specimens were also
stonger than the corresponding 'IH' ones. An increase in the cracking
load o the frame, HCF and a reduction in the sidesway deflection
were also observed. This increase in stiffness was also observed for
the open frames. As far as the ultimate strength of open frames is
concerned, this is discussed in section 5.1.4. The 'IC' specimens
which did not fail in shear developed eiLher mechanism 2 or a combina-
tion of mechanism 1 and 2 (4.4.2 and 4.4.3) whereas the 'IH' specimens
developed mechanism 1. The application of vertical loads enforced
two plastic hinges approximately in the middle of both beams. Table
4.4 illustrates the effect of the vertical loads by comparing the
'IC' specimens with the corresponding 'IH' ones. From Table 4.4 it
can be seen that the major effect of the vertical loads is the substan-
tial increase in stiffness and the increase in strength.
4.6.4 Effect of the Amount of Reinforcement
Three series of infilled frames are available for studying the
effect of changes in the amount of reinforcement used in the frames
(p.r
 = A + A/lOO = 1.1%, 2% and 3.1%). From Table 4.5 it can be
seen that this effect was pronounced for the first series (frames used
in combinationwkhthe weak infill, w). Figure 4.3, also, illustrates
this effect. For the other two series, this effect might be seen as
hidden in the general scatter of the test results.
4.6.5 Effect of the Beam Stiffness and Strength
The effect of the variation in beam stiffness and strength is
studied by comparing ICM1 and ICM4. Doubling the beam depth and
reinforcing it with four 10 mm bars resulted in an increase in
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increase increase increase change change reduc- reduc-
specimen	 in	 in	 in	 in	 in	 tion in tion in
desig- stiffness strength strength	 11CF	 H01	 6	 ó
nation	 Hue	 11pe	
ue	 pe
%
IHM1 -	 	 -	 -	 -	 -	 -
ICMI.	 92	 16	 16	 87	 -3	 24	 37
11-151	 -	 -	 -	 -	 -	 -	 -
ICS1	 49	 35	 -	 88	 -	 25	 -
ICS1**	 54	 67	 -	 97	 -	 41	 -
IHM2*	 -	 -	 -	 -	 -	 -	 -
ICM2	 25	 6	 2	 86	 -2	 73	 26
ICM2*	 86	 34.	 33	 133	 11	 3	 21
IHM3-	 -	 -	 -	 -	 -	 -
ICM3	 118	 15	 22	 -30	 34	 75	 66
Notes (i) a minus sign indicates a reduction.
(ii) the compared values of	 and HOFare those obtained from
the graph. If a value is not available then, the observed
one is used for the comparison.
TABLE 4.4: EFFECT OF THE VERTICAL LOADS
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change in change in change in change in change in
specimen stiffness 	 strength strength	 HCF	 H01
designation
	
	 Hue	 Hpe
%
IHW1	 -	 -	 -	 -
IHW2	 40	 49	 63	 36	 2
IHW3	 47.	 97	 76	 154.	 91
IHN1 -	 	 -	 -	 -
1H112	 6	 _7&	 -	 127
IHM2*	 44	 18	 22	 67	 29
IHM3
	
-13
	 -4	 -11	 131	 -22.
ICM1	 -	 -	 -	 -
ICM2	 -6	 9	 7	 66	 30
ICM2*	 40	 38	 40	 108	 48
ICM3	 -1	 -5	 9	 -14
	
-8
Notes (1) A: 111M2 failed prematurely; infill rematned uncracked
(ii) minus sign indicates a reduction
TABLE 4. 5: EFFECT OF THE AMOUNT OF REINFORCEfENT
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stiffness (19%), strength (5l%) infifl cracking load (23%) and frame
cracking load (67%).
4.6.6 Effect of the Column Stiffness and Strength
The effect of the variation in column stiffness and strength is
studied by comparing ICM1 and ICM5. The latter was 34% stiffer and
50% stronger. The infill cracking load increased by 66% and the frame
cracking load by 78%.
4.7 DISCUSSION OF TEST RESULTS
4.7.1 General
The comparative study of the test results primarily concerns the
two most important parameters obtained from the quantitative analysis:
the initial racking stiffness and the ultimate strength. As for the
development of cracks in frame and infill, it is a statistical phenom-
enon and depends to a large extent on the materials. The plastic load,
is thought to be more reliable than the peak load, H, as a
measure of the ultimate load because the peak load frequently represen-
ted an unstable condition and was to a large extent governed by the
cracking strength of the infill. The peak load was also usually followed
by a sudden drop in load.
4.7.2 Stiffness Comparison
From Tables 4.1 and 4.5, it can be seen that the stiffness of
the infifled frame increases with the thickness of the infill and with
the strength of the frame. It can also be seen from Table 4.4 that
the stiff ress of the infilled frame is directly influenced by the
application of vertical loads on columns. All the 'IC' specimens were
stiffer than the corresponding 'IH' ones. There are, however, cases
of theoretically less stiff specimens being stiffer than theoreti-
cally stiffer ones. This was the case for IHW2 and IHN2, IHW3 and IHM3,
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and the '1CM' specimens. For the first two 	 of infjfled frames,
the most likely reason is workmanship. In effect IHW2 and IHW3 were
respectively constructed well after IHM2 and. IHM3. Nine months for the
first and six for the second. Thus an important improvement in workman-
ship must have been accomplished.
As for the '1CM' series, it can be seen from Table 4.5 that corn-
pared with ICM1 the stiffness increased with increasing reinforcement
for ICM2* but decreased for ICM2. For ICM3, there was a small increase
over ICM2 and the stiffness was still less than that of ICM1. This
result suggests that the amount of frame reinforcement has little effect
on the stiffness of infilled frameand that the variations observed
might be due to workmanship or can simply be seen as part of the general
scatter of the test results.
The srrta	 effect the variation in frame strength seems to have on
the stiffness of infilled frames is confirmed by the comparison of ICM2*
and ICM5. Doubling the column depths and reinforcing them with fcir
10 nun bars, whereas frame type 2 was reinforced with four 8 mm bars
yielded a stiffness for the infilled frame ICM5 of the same order as
that of ICM2*. In fact ICM5 was 4% less stiff. This result suggests
that the stiffness of an infilled frame may be governed by the stiffness
of the infill only.
4. 7.3 Ultimate Strength Comparison
From Tables 4.1 to 4.5, it can be seen that the strength of the
infilled frame increases with the thickness of the infill and with the
strength of the frame. As for the stiffness, the strength was also
directly affected by the appLication of vertical loads on columns. All
the 'IC' specimens were stronger than the corresponding 'IB' ones.
From sections 4. 6. 5 and 4. 6. 6, it can be seen that doubling either the
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beam depths or the column depths resulted in an increase of O% for
the strength. This result concerning the effect of the stiffness and
strength of the beams shows that they are as important as the columns
in determining the resiance to lateral racldng load. Other investiga-
tors,, such as S. Smith, Mainstone, etc., reported that the beams for
steel infilled frames had little effect. This, however, needs to be
investigated further because only one infilled frame with deep beams
was tested.
As for the stiffness comparison, there are cases of theoretically
less strong specimens being stronger than theoretically stronger ones.
The major problems arose for IHM3 and ICM3. The first is 11% weaker
than IHM1 and of approximately the same strength as IHW3 (same type
frame in combination with a weaker inf ill). The second, ICM3, was of
approximately the same strength as ICM2 but 33% weaker than ICM2*.
The reasons for this might be attributed to the following factors:
(i) The disposition of reinforcement for the frames of IHM3 and ICM3
was slightly different from that of the other frames. No diagonal links
were put in the opening corners (figure A3). In Taylor's tests E5'LJ,
the efficiency of the opening corners for this disposition of reinforce-
ment was of 20%. Thus for these, two specimens the frames might have
contributed less to the overall strength.
(ii) Poorer workmanship for IHM3 and ICM3. The sort of movements
observed in their infills during the tests as discussed in section 4.4.2
suggest that bond at the bed and perpendicular joints may have been
poorer since most of the cracks occurred in the joints rather than in
the blocks. The effect of workmanship is confirmed by the comparison
of the duplicate specimens.
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4.7.4 Duplicate Specimens
Three pairs of nominally identical specimens were tested to check
the repeatability of the test results.
(a) Case of IHM2 and IHM2*
Since IHM2 falled prematurely (failure occurred in the windward column
extension and the infill remained intact), the only comparison which
could be made is about the initial racking stiffness. IHM2* was 36%
stiffer than IHM2. This might be attributed to two factors:
(i) effect of importance of disposition of reinforcement for IHM2
as discussed in section 4.7.2;
(ii) improvement in workmanship, since IHM2* was the last specimen
to be constructed and tested.
(b) Case of ICM2 and ICM2*
ICM2* is stiffer (48%) and stronger (31% when the plastic loads are
compared and 26% when the peak loads are compared) than ICM2. These
two infilled frames developed two different modes of failure. Both
failed in shear. For the first the shear failure occurred in the wind-
ward column near the junction with the top beam and for the second it
occurred in the lower beam near the junction with the leeward column.
The two load-deflection diagrams were different (long plastic plateau
for ICM2 and short plastic plateau for ICM2*). The shear failure,
however, occurred at the end of both plastic plateaux. This indicates
that the ultimate load was not governed by the shear failure. The
possible reasons for this difference in the test results and in
behaviour might be attributed to the following factors:
(i) conditions of supports were different. ICM2 did not have an
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extension in the windward column and it rested on a 50 mm wide plate
on the right hand side, so a concentration of stresses was localized
at the bottom of the leeward column which might have encouraged the
development of a diagonal crack in the lower beam near the junction
with the leeward column, that is where the shear failure occurred;
(ii) improvement in workmanship for ICM2*. ICM2 was the first speci-
men tested.
(c) Case of ICS1 and ICSl
It must be pointed out that ICS1** was first tested under horizontal
racking loading only as IHS1. Failure in this case was a tensile
failure of the windward column extension. Its infill, however, remained
intact. Only peripheral cracks in the unloaded corners were observed.
When it was retested under combined loading, the application of vertical
loads on columns closed up the peripheral cracks and. released somehow
the pressure on both beams, whereas for ICS1 flexural cracks in both
beams formed just after the application of vertical loads on columns.
This might explain why ICS1 developed five hinges, two of which formed
in the middle of both beams. The two specimens were approximately of
the same stiffness (ICS1** was 3% stiffer than ICS1). The difference in
strength is, however, more important, 24% when the peak loads are
compared and. 14% when the plastic loads are compared. As it was
explained previously, comparing the peak loads may not be a good
indicator because these depended to a large extent on the cracking
strength of the infill. The difference in strength may be seen as
part of the scatter of test results or due to the age of the specimens
when tested. ICS1 was tested at twenty-eight days and ICS1** was
first tested as IHS1 at twenty-eight days and retested as ICSl at
forty-three days. For these two specimens, the load-deflection
responses were different (two plastic plateaux for ICS1 and
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one short plastic plateau for ICS1**). The modes of failure were
also different. ICS1 developed a combination of mechanism 1 and 2
(section 4.4.2) whereas ICS1** failed due to shear at the position of
the diagonal crack that had resulted from the testing of IHS1. This
might have been a plane of weakness when ICS1** was tested.
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CHAPTER 5
COMPARISON OF TEST RESUTEJTS WITH THEORETICAL AND EMPIRICAL PREDICTIONS
FROM EARLIER WORK
5.1 PHYSICAL PROPERTIES OF REINFORCED CONCRETE FRAMES
5.1.1 Estimated Ultimate Resistance Moments of Frame Members
The ultimate moments of resistance of frame members were
estimated by three methods:
(1)
(ii) CF 110 stress-block with y = 1.0
(iii) Simplified stress-block or rectangular stress-block with
= 1.0
The values of ultimate moments were computed using the actual stress-
straincurveocce.inforcing bars (Figure 3. 4) and the actual concrete cube
compressive strength obtained from tests (Table 3.1) together with
the appropriate stress-block factors taken from Kong and Evans ['72J.
For combined loading cases, the calculations for column sections took
into account the vertical load (125 KN per column) applied prior to
the application of the racking load. The ultimate moments of resis-
tance were also calculated for the beams at the corner section
because the reinforcing bars were cranked at this level (see Appendix A).
The geometrical characteristics of the frames are given in Table 5.1,
and the estimated moments of resistance of frame members by the three
methods are given in Table 5.2 together with the concrete cube strength.
5.1.2 Shear Resistance of Frame Members
The shear resistance of frame members was calculated using the CP 110
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Beam	 Column
Specimenx h _________ ______ ____ ____ ________ _______ ________designa-
tion	 (mm x mm)	 b x d	 A =A'	 ci'	 d'	 b x ci	 A =A' d' =t	 5	 1	 t	 S	 S
	(mmxmm) (mm2) (turn) (mm) (mmxmm) (mm 2 )	 ()
0111	 910 x 910 100 x 100	 56. 6 13. 0 20. 5 100 x 100	 56.6	 13.0
111W].	 H	 28.0	 II	 II	 Ti
IHM.1	 "	 U	 19. 5	 TI	 11
11131	 U	 It	 '	 26. 0	 II	 It	 It
OC1	 21. 5
ICNJ..	 It	 II	 II	 21. 5	 II
ICS1	 25. 0	 U	 TI
ICS1	 11	 U	 26. 0	 II	 TI	 it
0H2°	 H	 II	 100.5
	 14.0 14.0
	
100.5	 22.0
IHW2	 II	 It	 21. 5
	
It	 14. 0
IHM2	 11	 14. 0	 22.0
IHM2*
	
It	 It	 11	 23.0	 II	 It	 14.0
0C2	 tI	 TI	 It	 II	 14 0	 14. 0
ICM2	 II	 IT	 It	 II	 ]_4 0	 II	 ft	 22. 0
ICM2*
	
IT	 H	 II	 21. 5	 It	 II	 14.0
IHW3
	
It	 TI	 157.1	 15.0 24.0	 II	 157.1	 15.0
IHM3	 "	 2 5. 0	 If	 If
ICM3
	
11	 It	 It	 25. 0	 II	 II	 ft
ICM4	 910 x 1010 100 x 200	 II	 It	 22. 5	 55. 6	 13. 0
ICM5
	
lOJOx 910 100 x 100 56.6 
13.0121.0 
100 x 200 157.1	 15.0
Notes	 (1) d 1 1 : depth to compression reinforcement at the corner level
(jj)	 : idein result
(iii) 2,, h, b, dt A , A' and d' see notations5	 5
TABLE 5.1: GEOMETRICAL CHARACTERISTICS OF FRAME MEMBERS
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Specimen	 f	 M	 (KN.m)	 M	 (KN.in)	 M	 M	 (KN.m)
•	 Cu 
____ ub _____ _____ ubc _____	 uc	 ucc_______designa- / / 2
•	 '..Nmmtion	 a	 b	 c	 a	 b	 c	 a	 b	 c
051	 - 40.8	 3.0	 3.0	 3.0	 2.8	 2.8	 2.8	 3.0	 3.0	 3.0
IHW1	 43.4	 3.1	 3.1	 3.1	 2.6	 2.7	 2.7 - 3.1	 3.1	 3.1
IHM1	 43.4	 3.1	 3.1	 3.1	 2.8	 2.8	 2.9	 3.1	 3.1	 3.1
IHS1	 36.3
	
3.0	 3.1	 3.1	 2.6	 2.6	 2.6	 3.0	 3.1	 3.1
OC1	 37.2	 3.0	 3.0	 3.0	 2.7	 2.8	 2.8	 5.0	 5.1	 5.0
ICM1	 45.4	 3.0	 3.1	 3.1	 2.8	 2.9	 2.9	 5.6	 5.8	 5.7
ICS1	 41.3
	
3.0	 3.0	 3.1	 2.6	 2.7	 2.7	 5.4	 5.6	 5.4
ICS1**	 36.3	 3.0	 3.1	 3.1	 2.6	 2.6	 2.6	 5.4	 5.6	 5.4
052°	 43.1	 43	 4.3	 4.4	 4.3	 4.3	 4.4	 3.8	 3.8	 3.9
IHW2	 36.3	 4.3	 4.3	 4.4	 3.7	 3.8	 3.9	 4.3	 4.3	 4.4
IHM2	 43.1	 4.3	 4.3	 4.4	 4.3	 4.3	 4.4	 3.8	 3.8	 3.9
IHM2*	 42.9
	
4.3	 4.3	 4.4	 3.8	 3.8	 3.9	 4.3	 4.3	 4.4 -
0C2	 43.1	 4.3	 4.3	 4.4	 4.3	 4.3	 4.4	 5.9	 6.0	 5.9
ICM2	 46.8	 4.4	 4.4	 4.4	 4.4	 4.4	 4.4	 5.6	 6.1	 5.8
ICM2*
	 45.2	 4.3	 4.4	 4.4	 3.8	 3.9	 3.9	 6.6	 7.0	 6.8
IHW3	 39.4	 6.5	 6.5	 6.6	 5.2	 5.2	 5.3	 6.5	 6.5	 6.6
IHM3
	 44.6	 6.5	 6.6	 6.7	 5.1	 5.2	 5.3	 6.5	 6.6	 6.7
ICM3
	
42.8	 6.5
	
6.6	 6.7	 5.1	 5.2	 5.3	 8.0	 8.5	 8.2
ICM4
	
39.9 15.6 15.5 15.6 14.7 14.6 14.7	 5.2	 5.6	 5.3
ICM5
	
38. 7	 3.1	 3.0	 3.1	 2. 7
	
2. 8	 2. 7 23. 5 23. 8 23. 5
Notes i) Estimation of ultimate moments of resistance
a) Hognestad's method
b) CP 110 stress-block with y = 1.0
c) simplified stress block or rectangular stress block with
= 1.0
2) f , M , M
	
, M and M	 see notations
Cu ub ubc uc	 ucc
TABLE 5.2: ESTIMATED ULTIMATE MOMENTS OF RESISTANCE BY THREE METHb$
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method [7]. The partial safety factors suggested by OP 110 were how-
ever omitted. The results are given in Table 5. 3
b(v - l.5v 0 )	 fyvAsv'Sv	 (1)
where b: is the width of the section
v:	 shear stress in frame members
v : ultimate shear stress in concrete
C
A : cross-sectional area of the two legs of a link
sv
S: spacing of links along the member
f	 yield strength of link reinforcement
yv
v is taken from Table 5 of OP 110 and f from Table 3.2 in section 3.3.
from (i)
	
f A
V	 yvsv+1.5v
bS
V
The shear strength is therefore V = v x b x d
l.5v	 f	 S	 b	 A	 v	 V=vxbxd
C	 yV	 V	 SV
N/mm 2 N/mm 2 mm	 mm	 mm 2
 N/mm 2	(KN)
Frame 1
	 0.83
	
199	 55 100	 17	 1.45	 14.5
Frame 2
	 1.13
	
U	 tt	 I'	 1.75	 17.5
Frame 3	 1,30	 U	 U	 1.92	 19.2
Frame 4 beam	 0.98	 tI	 U	 fi	 1.60	 32.0
column	 0.83
	
It	 1. 45	 14. 5
Frame 5 beam	 0. 83	 tt	 ] 45	 14. 5
column	 0.98	 II	 II	 II	 1.60	 32.0
Note " idem
TABLE 5.3: SHEAR STRENGTH OF FRAME MEMBERS
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5.1.3 Ultimate Resistance Moments from Tests
After the first infilled frames had been tested, some of the
uncracked blocks and assemblies of blockwork were recovered and tested
in compression (sections 3.4.3 and 3.4.4). Then, the remaining parts
of the infill panels were removed and the frames were ut at the four
corners. The frame members were tested in flexure in an Amsier
machine. Because it was not always possible to save the total length
of the frame members and since the stronger frame members failed in
shear, four arrangements for the supports and for the application of
point loads were made (figure 5.1(a)) in order that the specimens
should fail in flexure. Figure 5.1(b) shows a typical load deflection
graph for flexure failure. The test results are given in Table 5.4.
The calculation for the plastic moment of resistance was based on the
plastic load.
5.1.4 Ultimate Resistance Moments from the Analysis of Open
Frame Test Results
The load-deflection diagrams for the four open frames tested are
shom in figure 5.2. The principal parameters obtained from tests such
as the racking stiffness, the cracking load etc., have been given in
Table 4.1. Table 5.5, however, gives the peak load reached in the test,
Hu and the plastic load obtained from the idealized diagrams (figure
4.10). The estimated moments of resistance of frame members are also
given in Table 5.5 (columns 4 to 15). These moments are also estimated
by taking into account the axial loads induced in frame members by res-
pectively Hue and Hpe and the initial vertical loads applied on each
column (l25K1 for OC1 and 5OKN for OC2) prior to the application of the
racking load.
Since the plastic hinges occurred in the beam near the junction
with the columns and if an efficiency of 100% for the opening corners
were assumed, then, the ultimate moments of resistance of the beams at
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	b	 96	 1	 34.8	 F	 3,5	 3.1	 88.6
	
b	 96	 1	 34.1	 F	 3.4	 3.1	 91.2
	
-1 
c	 97	 2	 31.0	 F	 3.6,	 3.1	 86.1
	
b 238	 1	 40.5	 S	 -	 20.3
	
17.5	 86.2
	
c b 239
	 3	 30.6	 F	 4.7	 4.3	 91.5
	c 238	 1	 41. 7	 S	 -	 20. 9 17. 5	 83. 7
	  238	 1	 44.7	 S	 -	 20.9	 17.5	 83.7
	b 217	 4	 32.8	 F	 4.9	 4.3	 87.8
	
cz b
	 217	 4	 32.5	 F	 4.9	 4.3	 87.80
	
° 
c 217	 4	 32.3	 F	 4.9	 4.3	 87.8
	
c	 217	 4	 32.7	 F	 4.9	 4.3	 87.8
	
b 147	 1	 44.1	 S	 -	 22.1	 19.2	 86.9
	
b	 147	 4	 45.8	 F	 6.9	 6.5	 94.2
	
H 
c	 147	 3	 36.3
	
S	 -	 18.2	 19.2	 105.5
	b 148	 2	 52.5	 5	 -	 26.3	 19.2	 73.0
	
b 149
	 4	 38.5	 F	 5.8	 6.5	 112.1
	
c	 148	 1	 58.6	 S	 -	 29.3	 19.2	 65.5
	c	 149	 4	 47.3	 F	 7.1	 6.5	 91.5
Notes	 (1) b and c indicate beam and column
(ii) test arrangement as shown in figure 5.1(a)
(iii) F: flexural failure; S: shear failure
(iv) M : moment from tests
ut
M	 : moment estimated by Hognestad's method (Table 5.2)
ues
Vt:	 shear strength from tests
Ves: shear strength estimated (Table 5.3)
(v) -: no value
TABLE 5.4: ULTIMATE RESISTANCE MOMENTS AND SHEAR STRENGTHS FROM TESTS
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the junction with the columns for the four open frames would
be those reported in column 17 of Table 5. 5. Comparing columns 5, 9,
13 and column 17 of Table 5.5 would lead to the following conclusion:
Hognestad's proposed method overestimated Mubc for the first three
open frames arid underestimated it for the last one. Consequently, the
theoretical collapse loads (H = 4(smaller M)/h) would be less than
the respective H
	
(plastic load from test) for the first three open
pe
frames, OHl, 0H2°and OC1. But the test carried out by Taylor et al
[57 - 59] on opening and closing corners of reinforced concrete frames
showed that the first were weaker than the adjacent members and the
second were as strong as or even stronger than the adjacent members.
A way of finding the efficiency of the opening corners is to
analyse the frames assuming that the closing corners are 100%
efficient.
kM	 M
____ ubc
	 ubc
H
M	 kM
ubc	 ubc
where k is the ratio of ultimate
moment of joint to ulitmate moment
of beam or column.
2kP4 4+2M	 =H h
ubc	 ubc	 pe
k = Hh - 1
2M
ubc
Thus the values of k for the four open frames 0111, 001, 0H2 and 002
are 0.82, 0.79, 0.59 and 1.65 respectively when the values of Mb
used are those of column 5 of Table 5. 5. If a better result is
desired then it would be appropriate to use the values taking into
account the effect of axial loads. The .values of k for 0111, 001, 0H2°
and 002 are 0.76, 0.82, 0.45 and 1.37 respectively.
There must be some doubt about the accuracy of the efficiency
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factor, k, for the last open frame, 0C2, it is extremely unlikely
that k would be greater than 1. The possible explanations may be
as follows:
(1) The value of Mb estimated (column 3 Table 5.5) is incorrect
(at least 16% lower). In effect a value of Mub = 5.7KN.m would give
an efficiency of 100% for the opening corners (k = 1).
(ii) For this frame, it was difficult to see from the photographs
where the hinges occurred. If the hinges occurred in the columns
then k = 0.94.
(iii) The equation giving k was derived assuming an efficiency of
100% for the closing corners. Tests carried out by Taylor [58j and
by R. L. Yuan et al [74] showed that for some specimens tested the
efficiency of closing corners was greater than 1; the highest
recorded value being 127%. In the case of 0C2, if an efficiency of
100% is assumed for the oper ing corners, then the efficiency for
the closing corners ec-omes
	 137%.
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5.1.5 Flexural Stiffnesses of Frame-Members
The computed values are given in Table 5. 6.
infilled	 E	 I	 I	 El	 Elframe	 c	 b	 c	 b	 C
designation
(KN/mm 2) (lOkinm4) (l0mm) (1O 6KN.mm 2) (1O6KN.mm2)
1	 25.8	 973	 973	 251	 251
2	 27.3
	
1024
	
1024	 280	 280
3	 25.7	 1127	 1127	 290	 290
4	 26.8	 8324	 968	 2231	 259
5	 24. 6	 979	 8483	 241	 2087
bd 3	 	 2
	Notes	 (1) I
	 =	 t + 2nA Ct - d') where n = E /E
12	 S2	 Sc
	(ii) E
	 see section 3.3.3 Table 3.2
	
E	 see section 3.3.2 Table 3.1
E =E
C
second moment of area of beam
I : second moment of area of column
C
TABLE 5.6: FLEXtTRAL STIFFNESSES OF FRAME MEMBERS
5.2 PHYSICAL PROPERTIES OF INFILL PANELS
The infill properties used in the calculations are given in
Table 5.7.
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VALUE	 COMMENTS
£.	 810 inni width of,infill
h1
	810 mm heigit of infill
35, 57 and weak infill t 35 mm; medium strength infill t = 57 mm;
100 mm strong infill t, 100mm
•	 From tests on three course.blockwork assemblies (section
f	 7.8N/mrn 2 3.4.4 Table 3.5).
Cl	 f .	 f	 = compressive strength of infill
ci	 cbw
1' . 6.2N/mm	 d0± = 0•8ci From figure 4 (HAMID and DRYSDALE [75])do.	 diagonal strength = 0.8 vertical strength
From tests on three course blockwork assemblies (section
E.	 5.2KM/mm 2 3.4.5 Table 3.5)
1	 E.	 E =.static modulus of infilli	 bw
2KM" 2 From figure 6 (HAMID and DRYSIJALE4. imm Ed! = O.8E. Ed! = static modulus along the diagonal
-f . From Table 3(HAMID et al [70)
I	 0.52N/rnm2	 Cl	 Table 4(HAMID et al [68J)ti	 f• = 0.11. was suggested by MAINSTONE r19] and S. SMITH
______	
t36J
O.52N/mm2 1dti = f. From Table 3 or figure 7	 HAMID et al [70]?
j 0.34W/mm2 From tests on 3 block assemblies (section 3.4.6 fig. 3.12)
0.76	 From tests on 3 block assemblies(section 3.4.6 fig. 3.12)
Rostampour t.51J tests on lytag blockwork, V varied fromV	 .2	 0.18 to 0.21
G	 2.2KM/mm2 E./2(1 + ')
HENDRY [24] suggested a strain at failure of 3OOOjs for
El OOO1zs and brickwork
5OOOjs HOLMES [15] suggested a strain at failure of 50OOis for
bri ckwork
Workmanship factor found to vary from 0.6 to 1 for
c	 0.6 to 1 BENJAMIN and WILLIAMS E141
Notes	 (i) a strain at failure of approximately E = 3000ps was
obtained from tests (section 2.4.5 figure 3.10)
(ii) for symbols see list of notations
TABLE 5.7: PHYSICAL PROPERTIES OF INFILL PANELS
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5.3 PHYSICAL' PROPERTIES OF INFILLED FRAMES
5.3.1 Reltie Stiffness Parameters
Two non-dimensional parameters Xh and
	
found appropriate
to express the relative stiffness of the infill to the frame members
were first introduced by S. Smith [31] who developed the analogy with
a beam on an elastic foundation, by which the column of an infilled
frame under lateral load may be regarded as one half of a beam on an
elastic foundation which under a central concentrated load P, remains
.n contact with the foundation over a length £ known as the charac-
teristic length. The general solution for the bending of a beam on
an elastic foundation is given by Hetenyi 7 and by Timoshenko
	 -
Using Hetenyi t s.notation, the differential equation for an unloaded
section of a beam on a foundation with an elastic modulus k (denoting
a reaction ky per	 unit length of the beam for a deflection y) is
d vEl	 -ky
and the general solution is
y = e (C 1 cosXx + C 2sinAx) + e	 (C 3 cos?x + C4sin)x)
where
-v
VEI
and C 1 , C 2 , C 3 and C 4 are constants dependent on the loading and end
conditions. The characteristic length is defined when
	
c = in
the general solution and the contact length in the case of the column
of an infilled frame is half of this, leading to a parameter
= 7h/2Ah
where
A):l =
4EIh.
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Similarly the beam member of the infilled frame may be represen-
ted as a beam on an elastic foundation loaded by a moment M, giving
rise to a corresponding parameter c =
where
x	
/n2Q.
The term sin2O in	 and X recognizes the obliquity of the resultant
reactions between the infill and the columns and beams. In the above
two equations
E. and E are the elastic modulus of the infill and frame1	
respectively
t is the infill thickness
h is the height of the infill
2. is the width of the infill
1
and I are the second monientsof area of the beam and column
C 
respectively
0 = slope of diagonal of infill to horizontal.
Three other non-dimentional parameters
= 4(Xhh)
= 
yTsio
I h.
ci
and	
XZ = /'4EIbi.
were used respectively by Mainstone et al J9 - 2lSlMallick and Barua
[27, 291 and by Kadir and Hendry E22 - 24j. The first two parameters
were used in the prediction equations for stiffness and strength. The
last parameter was used in the equation giving the shear strength of
the infill panel. The computed values of all the relative stiffness
parameters for all the infilled frames tested are given in Table 5.8.
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M	 M
ub	 ub
• f .t/2
ci
9,9,•
f .t—	M
+c1 2	 cl+2 + ub
2M
ub
1
M
ub
2M
ub
9,.1
5.3.2 Relative Strength Parameter
This parameter was first introduced by Wood [4.4]. In analysing
the stronger mode S, where plastic hinges formed at the four ccrners,
Wood [?4J assumed that the infill panel exerted a hydrostatic pressure
f ./2 on the frame members. The beams would therefore be subjected to
c:i.
ultimate moments (Mub) at both ends (location of plastic hinges) and
a uniform loading ft/2 giving rise to the following bending moments:
From the bending moment diagram shown above, the minimum permissible
plastic (ultimate) moment is reached when the shear force VL at the
left-hand end is zero (moment is maximum when shear force is nil).
i.e., when
2M	 f .ti =0ub - C1
1
defining b as
8M
ub
mb - f .t2..2Cl 1
similarly m is defined as
8M
uc
m-
ci i
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The computed values for.	 nad	 are also given in Table 5.8
5.3.3 Moment of Inertia of Transformed Frame-Infill Section
This parameter, I ' was used in the calculation of the racking
stiffness by Fiorato et al [181 The infilled frame was considered
as a vertical cantilever. This parameter is defined as
I
= 12 + 211 +	 11	
fE8.11	
+ A t11 h l1	 I
c	 Ej it	 Ji s	 5)Jl2Jjj
where
t is the inf ill thickness
£• is the width of the infill
1
I is the second moment of area of the column
C
E is the static modulus of concrete
c
E. is the static modulus of infill
1
E is the static modulus of steel bars
S
b is the width of the column
d is the depth of the column
A5
 and A' are the area of steel in tension and compression
respe ctively
£ is the width of the infilled frame between centre lines of
columns
The computed values for I are also given in Table 5.8
5.3.4 Moment of Inertia of Equivalent Frame Members
Liauw [4111 proposed a method based on the equivalent frame method,
in which parts of the infill were interpreted to act with adjacent
frame members as composite sections in bending. The computed values
for 
'eb (moment of inertia of equivalent beam) and	 (moment of
inertia of equivalent column) are also given in Table 5.8
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5.4 PRINCIPAL PARAMETERS FROM THEORETICAL AND EMPIRICAL PREDICTIONS
FROM PREVIOUS WORK
5.4.1	 Introduction
The equations and charts used in the calculations from previous
work giving the lateral racking stiffness, the tensile and shear
failure load and the ultimate load are summarized in Table 5.9. The
equations from the original papers have been rewritten in a standard
notation whenever possible. The abbreviations used in Table 5.9 are
as follows:
B : Brickwork
B.B: Back to back
C : Concrete
D : Diagonal loading
F : Fixed base
P. : RacicLng loading
R.C: Reinforced concrete
S : Steel
In Table 5.9, the notations used by S. Smith and Carter 6J for cal-
culating the lateral stiffness are as follows:
R : Diagonal load
R: Diagonal load to cause crushing of the infill
Total horizontal displacement under applied load
H : Applied load
Summation of all bars in frame including diagonal struts
Summation of all diagonal struts only
F : Force in bars due to unit load replacing H
U : Force in bars due to unit load only at point where
displacement is required
A.: Initial cross-sectional area of members, including diagonal1 
struts when R/R =
A: Cross-sectional area of diagonal struts when R/Rc = 1 lfl
critical panel, all others proportioned accordingl,r
- 130 -
E : Appropriate value for modulus of elasticity for frame
members and infill (in the case of the infill this will
be the initial tangent modulus)
H : Horizontal load to cause crushing in the critical .ncu.L
C	 determined from the appropriate value of Rc/fciht
for the particular value of Ahh, as given in figure 7 of
reference [36].
L : Length of member
5.4.2 Horizontal Racking Stiffness
The horizontal racking stiffnesses obtained from tests, SH are
compared with the predicted ones from previous work in Table 5.10.
None of the existing theoretical or empirical methods seems to be safe
to predict the initial horizontal racking stiffness for the type of
infilled frames tested. From Table 5.10 it can be seen that the
closest are those obtained using Mainstonets equation [46] and
S. Smith and Riddington 's method [3j. The test results are compared
graphically in figure 5.3 with the predictions obtained from these
two methods. The choice of the two non-dimensional coordinates was
U\acL. in order to have Mainstone's equation represented by a straight
line. Figure 5.3 shows that even Mainstonets method overestimates the
lateral racking stiffness for all infilled frames but one (1CM2*).
It also shows the effect of the vertical loads on the lateral racking
stiffness. The TICt specimens are stiffer than the corresponding
'lIP ones. This has been discussed in section 4.6.3 (see Table 4.4).
Another parameter which is very important in predicting the
lateral racking stiffness is the initial modulus of elasticity of the
infill material, E. If the static modulus of the infill along the
diagonal, Edj were used instead of E. (Ed. = O.8E. see Table 5.7),
then S. Smith and Riddington '5 method would be safe for almost all
'IC' specimens. For this method to be safe for all infilled frames
tested, it is either possible to reduce further E. (use of a penalty
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factor for material or to take a width for the diagonal strut less
than one tenth of the infiil diagonal (i.e., approximately -d1).
5. 4. 3 InflU Cracking Load
5. 4 . 3. 1	 Tensile failing load
In Table 5.11, the infill cracking loads, HCI obtained
from the tests are compared with both the predicted tensile and shear
failing loads. To differentiate between the two modes of infill
failure is not an easy task. In this section only the numerical
values are considered and compared with the cracking loads obtained
from tests. The test results are compared graphically in figure 5.4
with the five methods whose predictions are reported in Table 5.11.
As for the lateral racking stiffness, the choice of the two non-
dimensional coordinates was rnad..e in order to have Mainstone's
equation L46J represented by a straight line. Figure 5.4 shows that
the safest method for predicting the tensile strength of the infill
is thatcSi'.Ma1lick and Barua [27]. Mainstone's method is not safe
for only three infilled frames. The methods which overestimate the
tensile strength of the infill are those of Sachanski [28] and
S. Smith and Carter [36].
5. 4. 3. 2	 Shear fai1in load
The test results are compared graphically in figure 5.5
with the six methods whose predictions are reported in Table 5.11.
Four of the methods are conservative. Hs/f £.t varies from 1.76bs a.
to 4.72 for the infilled frames tested. The test results lie between
the predicted ones by S. Smith and Carter [36] and byFioratoet al [18J.
5.4. 4 Ultimate Load
The ultimate loads obtained from the tests are compared with
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both empirical and theoretical predictions from previous work in
Table 5.12. None of the methods seems to be absolutely safe. The
method giving the closest predictions to the test results is Wood's
method [44].
5.5 WOOD'S METHOD
5.5.1	 General
Since Wood's.method [44] gives the closest predictions to the
test results, it seems important to present the details of the
calculations arid the different collapse mechanisms predicted for the
infilled. frames tested by this method. All the results are given in
Table 5.13. In this table the separate contributions of the infill
and the frame are also given. The way in which ff and f1 are obtained
is given below in section 5. 5. 2.
5.5.2 Separate Contributions of Infill and Frame for Wood's
Method
In the discussion to Wood's method [4J,P.A.c.sims
questioned the method used In Wood's design examples 	 concerning
the separate contributions of the infill and the frame. He suggested
a way to obtain the correct individual contributions by reworking
the solutions keeping these contributions separate. In his reply
Wood [46] accepted the criticism and agreed with Sim's proposal
procedure.
Since the analysis of the collapse mechanisms identified in
Chapter 4 is based on the theory of plasticity with the infill and
the frame considered separately (this is discussed in Chapter 6), and
since Wood's.method [44] gives the closest predictions to the test
results, it seems important to find the correct separate contributions
of infill and frame by this method.
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Wood LZ4J introduced a non-dimensional parameter, f, to express
the ultimate load
4M
H=f — +	 f. -t9...
u	 h1	 YCi	 1
where M is the smaller of M and M
u	 pb
FormQdeS (strong mode)
f=l
H
uf
1
and H . = 1 f .t.Q.
U].	 2 pci 1
The equations quoted below are taken from Woodts paper [44] and
reworked as suggested byP.C.SLrns!36J to find the correct non-dimensional
parameters ff
 and f. which are used to find the separate contributions
of infill and frame. This being done only for the lower bound solu-
tions for modes SR, DC and CC.
(i) Mode SR
x = 1 -	 (21)
where
8M
U
m 
=	
42
C]. 1
M = -M + 8(1 - c ) M ( - x)/	 (22)e	 U in
n
Summation of shear gives
2(M +M)	 _____
U	
? +/ b-c) 2 f 	 t	 (25)U	 h.	 ci	 ±
1
Hf	 .
1
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For a square panel
2.. = h.1	 1
C =
and therefore
x = 1 -
n
substituting X in equation (21) gives
M +M =411 (2'_1)
e	 u	 u{	
211]nj	 (22')
substituting (22') into equation (25)
411 (2V'i- 1)
	
H =2 —	+f.t9.
u	 h.	 2m	 cii
	
1	 fl
411
= f	 + f .U.h.	 ci 11
811
since 2. = h. and m =	 U1	 1	 n	 f.tQ.2Ci 1
4MU
Ci 1	 mh.
substituting this in equation (25')
2V-1
H =-	 +
u	 h.	 in	 inh.
	
fl	 ni
	
411	 4M
=f—+ u
	
h.	 mh.
	
1	 fli
therefore
2VT- 1 1/rn
n	
+	
n
m	 1
n	 1+—
in
n
In +1
n
(25')
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When the solutions are kept separate
	
2(M + M )
	 _____
u	 e
H =H +H. =	 +10- C 2 f .tQ.
u	 f	 1	 h.	 cii1
with
2CM + M )
U- ______
Lf_	 h.1
substituting (22') in the equation above gives
Hf 
=	 4M(2I - L)
Hf
 is also given by
	
f4M	 1
Hf
 = ff -- + f .tL I
	
i	 1
ci iJ
4M
since f .t2,. -Ci 1
	 h.1
therefore
2v'	 - 1
p	 fl
- In + 1
n
Similarly
4.M
H. = 1. —+ f .t9..1	 1 h.	 Ci 11
from (25) and with C =
H. = f .t2,.1	 Cl 1
therefore
f.=1	 in +1
n
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(3)
(h.)
Remark f = ff + f.
1
(ii) Mode DC and CC
Using the same procedure as for mode S.R the following relationships
are obtained
f=	 n
m +1
n
f =f. =f	 1 m +1
n
5.5.3 Penalty Factor for Infilled Frames Tested, 1pe
4(smaller M )
H	 = f	 h.	 +	 (i)
where	 is the ultimate load by Wood t s method [44] and
(2)
me being the effective relative strength parameter and is
equal to
m
n
in =
where
8M
U
in - f t.2
ci i
since .2.,. = h. then
1	 1
4M
U
1 1	 mh.
fli
In order to get pe for the infilled frames tested, H should be made
equal to Hue (ultimate load from tests).
Substituting (4) in (1) gives
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(5)
(6)
(6')
(7)
(8)
(9)
4M [
H =H = f -
ue	 uw	 h1 m
substituting (2) in (5) gives
4aM 1pe
mj
e
	
4M	 in
	putting --	 = A,	 = B and H = C (6) becomes
ue
	
I	 pe
2Av'(1
B+ l 1 	B -
2P42
	(B+l)
(B+l)	 B
B	 C2
B 2 - 4A2
- 02
which gives
mH 2
pe _44MU]
if H is used instead of H then
pe	 ue
H	 2
pe T 4M
h.
The values for 1pe using both Hue and Hpe are reported in the last
two columns of Table 5.13. Wood E44J derived a relationship between
the penalty factor,y,and the nominal relative strength parameter, m,
for steel frames infilled with brickwork. Wood's curve is reproduced
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in figure 5.6. The penalty factors obtained from tests, 1pe' for all
the infilled frames tested are compared to the curve derived by Wood
in the same figure. It can be seen from figure 5.6 that Wood's
method is not safe for all the 'IH' specimens and two 'IC' specimens.
Figure 5.7 shows the effect, a reduction of 20% of f., has on 1pe
The fact that f was reduced by 20% made the method safe for an
additional four infilled frames. Figure 5.7 shows that the method
would be conservative for seven out of eight 'IC' specimens and even
over conservative for most of them. Figures 5.6 and 5.7 emphasize
the effect the vertical loads on the columns have on the strength
of the composite structure. The 'IC' specimens are stronger than the
corresponding 'IH' ones. This has been discussed in section 4.6.3
(see Table 4.4).
5.6 MAY'S METHOD
The fact that Wood's method [44J is found not to be safe for all
the infilled frames tested might be due to the incorrect estimation of
the frame strength. In section 3.3.4 the problem of the efficiency
of the opening corners has been discussed. This efficiency is expected
to be of the order of 83% for the reinforcement detailing of the corners
adopted. From section 5.1.4 (Analysis of Open Frames), the value of k
(ratio of plastic (ultimate) moment of joint to plastic (ultimate)
moment of beam, or column) has been found to vary between 0.5 and 1.
May and Ma [49j extended Wood's method E441 to cover frames in which
the joints between beams and columns are weaker than the frame members.
The details of the calculations by this method are given in Table 5.14
for three values of k (0.5, 0.75 and i). Table 5.15 shows the effect
a reduction of 20% of the compressive strength of the infill 	 has
on the ultimate load. This reduction not only reduces the ultimate
load but also it changes the predicted collapse modes for some infilled
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frames by both methods [44 4]•
From Tables 5.12 and 5.14, it can be seen that the closest pre-
dictions to the test results are those obtained by Wood's and May's
niethods [44, 4J. Three other methods, (Mainstone [20, 4 j , Kadir and
Hendry [22-2 an& $.Ic.Mallick and Barua [2) however, give relatively
close predictions to the test results when only the infill contribution,
is considered (Table 5.12, columns 6, 9 and 15). In figures 5.8 to
5.11, the ultimate and plastic loads, Hue and Hpe obtained from the
tests are compared graphically to the predicted ultimate loads by Wood's
and May's methods [44, 4 j .	 - -.
The choice of the two non-dimensional pararneters,f and.me as
coordihates in figures 5.8 to 5.11 was rnad.e. in order to have
Wood's predicted loads J.4J represented by the curve.
e
m +1
e
where
H
ut
= 4M
— +-yf tP.h.	 pci
1
H
Ut
and
8M
in = 
-
Y f .t9.2
P Cl
M being the smaller of M and M and H the total ultimate
u	 pb	 PC	 ut
predicted load.
All the other loads, H , H and H aie put in a non-dimensional
ue pe
	 ut
form f = and plotted against in
e
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Figures 5.9 to 5.11 show the effect a reduction of 20% of
has on the predicted results. This reduced strength of inf ill
represents in fact the diagonal infill strength, fdi, as defined in
Table 5.7. The use of dci may be more appropriate than that of f.
for the methods based on the diagonal strut concept.
It also must be pointed out that in Woodts method E4I the
infill was assumed to exert a hydrostatic pressure against the frame
members of an intensity, yf.. But from tests on assemblies of
blockwork (section 3.4. 14. , Table 3.5) it was shown that the compressive
strength for 0 = 90° (0 being the angle between the bed joint and the
line of application of load) was 35% higher than that for 8 = 0. Thus
a reduction of 20% for f may be thought to be realistic for this
method.
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CHAPTER 6
Ai'TALSIS OF ThE TWO IDENTIED PLASTIC COLLAPSE MEHCANISMS
6.1 GENERAL
The two collapse mechanisms which have been identified and
discussed in Chapter 4 are analysed in this chapter. The analysis
is based on the theory of plasticity. The frame and the infill are
considered separately. The dissipation of energy in the infilled.
frame is taken as the sum of the separate dissipations of energy in
the idealized tapered diagonal strut and in the frame. The geometry
of the two collapse mechanisms is given in figure 6.1.
6.2 ANALYSIS OF MECHANISM 1
6.2.1.	 Determination of Angles of Rotation
From figure 6.l(a), if 3 is small then A'
	 A;
A0 =
a =	
=
h'	 h'
= (, -	 U
These angles can also be obtained using instantaneous centres as
shown in figure 6.2.
'BF
(	 I
I	 9..	 Ih=I	 \\
- U J
-	 CB' _____________
"
\
\	 h
\
\
\
A	 D
FIGURE 6.2: INSTANTANEOUSCENTREFORMECHANISM1
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FIGURE 6.1: GEOMETRY OF COLLAPSE MECHANISMS
h
Fyfp c:
I
h"
hta 
= 2	 h
= ( - £')0,v.n	 =
2'	 .(z. 2')	 h
a 
=	
-	 h'	 2.'	 =
The hinge rotations are as follows:
at D, 0
at E, a
at B, a +	
=	
^
and at F,	 + o {i +	 -2.'	 J
6.2.2 Dissipation of Energy in Infilled Frame
The work done on the infilled frame is taken as the sum of the
work done on the frame and that done on the idealized tapered diagonal
strut. Having expressed the different angles Of rotation in relation
to 0 the frame plastic work can be simply expressed as
=M.40+Mf4+2.,2.)0+Mfl+2.,2.l0+M0
f	 p1 h	 p2h	 2.	 j	 p3i.	 9.	 )	 Pz4
putting h' = Th and 9.' = X2. then the work done on the frame is given by
W =M	 +M f +_lJ0+M+M	 0	 (1)I	 pY	 p(Y X
	 31
To find the work done on the diagonal strut, a uniform plastic
pressure against the frame is assumed as shown in figure 6.3. Along
FIGURE 6.3: 'PLASTIC' DIAGONAL STRUT
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the lengths EB and BF, the pressure is
	 (effective compressive
strength) where is a penalty factor to allow for idealization of
plasticity as suggested by Wood 1:4'J. The work done on the diagonal
strut may be split as follows:
a) that part of the strut below the diagonal BD.
There is movement only on length EB and the plastic work below the
diagonal is equal to
W. = h' x y f x t x	 x ctii	 pci	 2
b) that part of the strut above diagonal BD.
If the part to the right of line FD (figure 6. 3) can be treated
separately from the'part to the left of this line, then the work done
above the diagonal is equal to the work done on the part to the left
of FD only. This is because the part to the right of PD does not
change in length; since 	 remains 9Q0, and therefore no work cs
&one ert.s ar
	 . Thus, the plastic work above the diagonal is
equal to:
If the 'dividing line' is not FD but PD', where D' is some distance,
h", above D on the leeward column. In this case some work will be
done on the frame by the contact forces along the length DD'. This
will be negative plastic work and would be given by
t h"
	W. = -.h' x 
-y f . x	 x -- x U1 3	 PCi.
In this case the work done on the part to the left of PD' would be
W. + W. = y f .t(i'	 - h"2@)12	 13	 C1
For the specimens tested it appears that h" is very small compared
to , thus, h" 2 is negligibly small and the work done above the
diagonal would be equal to W 1 . The total strut work is therefore
(2)
(4)
(5)
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W. = W. + W.
	
y f .t(h' 2 o + £v2)	 (6)it	 ij	 12	 C1
The work done by the external load is
H A H h'c = H hO
	
(7)
p	 p	 p
Thus the final work equation is
HhO=W +W.
p	 f	 it
	
=M	 +M {+_1]O+M	 +M 0
p1Y	 P2 p3X	 Lf
Ia	 ______
	
+	 f .th'	 0 + Zt 2	-	 ( 8)
pci	 h	 2,'	 j
giving
M11	 1 M	 +	 + M
	 + y f t 1h' +	 (2, - £ 1)) (9)H = +	 P2	 X	 p)h	 p ci
Putting X = aY, h' = Yh and i' = 	 = aYQ. and since for the square frames
tested 9. = h, we obtain
aM + (a + 1 - aY)M	 + M	
+ aYM +y f .thY(l + a - a 2 ) ( 9b)H= P1	 pci
aYh
6.2.3 Minimization of H
P
In equation (9b) if the penalty factor, y, is taken as a variable
in order to evaluate it as part of the solution rather than taking it
from an empirical curve such as that proposed by Wood 	 then H is
expressed in terms of three unknowns, a, Y and y. The determination
of the extrema of H consists of differentiating partially the relation
(9b) with respect to a, Y arid y and setting the derivatives equal to
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zero. This yields a system of three equations in three unknowns whose
solution (ao, Yo, y ) is to be substitued in relation (9b). This gives
either a maximum ora minimum for the function H = f(a, Y,	 depen-
ding on the sign of the determinant of the Hessian matrix. The mathem-
atical procedure to check whether the solution yields a maximum or a
minimum is as follows:
Ci) form the Hessian matrix (i.e., the matrix of second derivatives)
(ii) evaluate the second derivatives for the solution (ao, Yo, y )P0
(iii) determine the sign of the determinant of the matrix computed
in (i).
If the determinant is positive (negative) the solution (ao, Y0,
yields a minimum (maximum). When the determinant is nil, H(a0,
is not an extreinum. If, however, y is taken as a constant, then H is
given in terms of two variables only a and Y. The procedure of minimizing
H is similar to that described above. These two cases are treated
p
separately.
(a) Case 1. Penalty factor,	 , taken as a variable
Differentiating equation (9b) with respect to a, Y and
	 gives
-M -M
P2	 P3 + Y f .thY(l - 2a1)
a2Ih	 p ci
BH	 -aM	 - (a + l)M	 - M	
+	 f .th(l + a - 2a 21)	 (11).	 P1	 P2	 pcJ_
aY2h
=f .thY(1 +a- a2Y)
ci
By
p
Setting the above three equations equal to zero yields
(10)
(12)
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2(M	 +M )
P2	 P3
Y 2 (1 - 2aY) =	
.th2	 (lOa)
p ci
2	 2(aM	 +(a+J.)M	 +M )Y 2 (i + a - 2a Y) =	 P1	 P2	 P3	 (fla)
ayf .th2pci
Y(i + a - a 2Y) = 0	 (12a)
setting equation (12) equal to zero yields (12a) because f., t and h
are all diffe±ent from zero. Dividing (ha) by (lOa) yields
a(M +M )+M +M J1 + a - 2a 2Y	 P1	 P2	 P2	 P3	 (13)1-2aY	 -	 M +M
P2	 P3
From equation (12a)
J. +a
2a
and Y = 0
But for Y = 0 there is no mechanism, so only the first solution
(equation (12b)) is considered.
Substituting (12b) in equation (13) gives
-a(l+al
	
[a(M +M )+M -FM
Pi	 P2	 P2	 P3	 (hij.)
N +M
P2	 P3
which gives when rearranged
(N +M )a 2 +2(M	 +M )a+M	 +M	 =0	 (15)Pi	 P2	 Pi	 P2	 P2	 P3
The solutions of this equation are
/2+M (N -M )-M M
=	
^%' Pi	 P2 Pi	 P3	 P1 P3	 (16)
Pi	 P2
But for the infilled frames tested which developed this mechanism,
N and N are equal when the axial forces in frame members are
Pi	 P3
ignored. Thus, putting M = N in equation (i6) yields a negative
P 1	P3
value for a (i.e., a = -.1). This indicates that if H (equation (9b))
admits any minima or maxima, they all should be in the plane a -1.
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Thus for other values of a, the function has no turning point.
(b) Case 2. Penalty factor, y, taken as a constant
In this case	 = 0 and the solution of the problem would
consist of solving the system of equations (lOa) and (ha). This being
a non-linear system could not easily be solved explicitly. Putting in
eqiation (9) h'	 Yh and J' = X9 and since for square frames tested
= h, we obtain
	
H	 +1-11M	 ++M hi+yf.tZ(Y+X(l_X))(9c)
IM	 {	 M
	
p	 1 Y	 Y X	 J P2	 X	 pJh	 p ci
Differentiating equation (9c) with respect to X and Y gives
-C M	 +M
=	 P2	 P3 
+ Ii f tQ(1 - 2X)	 (17)
ax	
2
an	 -(M	 +M )
P1	 P2 +yf.tQ
h2	 PCi
setting the above two equations equal to zero and putting h = £, we
(18)
obtain
2(M	 +M )
x 2 (l - 2X)	 P2	 P3yf .t2
p cj-
2(M	 +M )
__i	 P2
yf .t2.2
P ci
(1 7a)
(1 8a)
For a fixed value of y, the right hand sides of the above two equations
are known quantities. Thus X and Y may be determined directly.. Hence
is also determined and it only remains to check whether these values
of X and I give H
	
• In the case where M = M are equal,p minimum	 P3.	 P3
which is the case for the infihled frames which developed this mechanism,
then from (17a) and (18a)
x 2 (l - x) =	 (19)
The solution of this equality may be found either numerically or graph-
ically. This equality is satisfied when y2 = 0.037 giving
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X=0.33
and •Y = 0.19
Thus from either equation (l7a) or (18a)
2(M	 +M )P1	 P2
= 0.037 f .L2
ci
For the infilled frames which developed mechanism 1, the penalty
factor, y, evaluated from equation (20) ranges from 1.24 for IHW1 to
2.56 for IHW3. Thus, the mathematical procedure yields solutions
incompatible with the physical limitations (0 <
	
1).
6.2.4 Comments
From the previous section, it has been shom that the mathematical
or analytical method produced results incompatible with the physical
limitations (0 < X 1, 0 < I 1 and 0 < y 	 l). In the first case
(i taken as a variable) the mathematical procedure yielded a negative
value for a (i.e., a = X/Y = -1). This means that any minima or maxima
which the function H = f(a, Y, i) (equation (9b)) might have should
be in the plane a = -1. Thus outside this plane the function has no
turning point. In the second case 	 taken as a constant) the yielded
values for X and I were within the physical limitations but that of the
penalty factor, y, was outside (i.e.	 > 1).
Since H = f(a, I, y) has no turning point outside the plane
a = -1, an alternative numerical procedure limiting the range of the
variables to the physical limits could be appropriate to find a local
minimum. The solution of the problem would be to find the two limiting
values of the parameter, a, in the range of physical limitations. The
minimum would occur at one of the borders.
(20)
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6.2.5 Numerical Procedure for Mechanism 1
The method for minimizing HP (equation 9(b)) within the physical
limitations is as foflwos:
Step 1: Differentiate H with respect to Y only and setting this
partial derivative to zero yields
2[aM + (a + l)M + M
Y 2 (i + a - 2a2Y) =	 Pi	 P2	 P	 (ha)
ay f .th2
p ci
Step 2: Fix a value for the parameter, a.
A realistic range may be taken as 0.5 a . 2 (from observations
of photographs)
Step 3: Vary the penalty factor, y, between its limits 0 and 1. A
value of 0 for	 gives an indeterminate result, so a
realistic increment of 0.1, starting from 0.1, up to 1 is
reasonable.
Step 4: The left hand side of equation (ha), being a polynomial of
the third degree in Y, may be plotted graphically for values
of I between 0 and 1 and for different values of the parameter,
a, (i.e., a = 0.5, 0.75, 1, 1.25, 1.5, 1.75 and 2.0). The
graphical representation of this family of curves is shown in
figure 6.4. For each value of	 the right hand side of
equation (ha) is a constant for each value of a, and may be
represented by a horizontal line in figure 6.4. This line may
or may not intersect the curve plotted for a given value of
the parameter, a. (Thus for different values of y, there is
a series of parallel lines). When the line and the curve do not
intersect there is no solution for equation (ha). When they
intersect, there are either one or two solutions. The unique
solution is for the case when the line is tangential to the
curve.
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Step5..: Having a set of values for a, 	 and one or two values of Y,
these may be substitued in equation (9b) to yield .ither one
or two values for H
p
The trial and error analysis was conducted for different
values of y (between 0.1 and 1) and different values of a (0.5 a 2).
The minimum value for H was found to occur in all cases for the
p
inaximuni of Y 2 (l + a - 2a 2Y) which is the left hand side of equation
(ha). This corresponds to the case where there is one unique solution
for equation (ha) arid the horizontal line obtained in Step 4 is
tangential to the curve in figure 6. 4. The detailed calculations are
given in Appendix E. These calculations showed that H (equation 9b)
increases with increasing values of the parameter, a,and decreases
with increasing value5of Y. The value of the parameter, a, giving the
lowest value for H may be determined by differentiating the left
hand side of equation (ila) with respect to Y and setting the deriva-
tive equal to zero. Thus
2Y + 2a1 - 6a 2Y 2 0
giving
2 + 2a
6a2
	 (21)
The highest possible maximum for Y 2 (l + a - 2a 2Y), which is the left
hand side of equation (ha), for the permissible range 0 < Y . 1
occurs for Y = 1 (figure 6.4). Hence putting Y = 1 in equation (21)
yields
6a 2 - 2a - 2 = 0
	 (22)
and therefore
a = 0.77
In conclusion, for tIie ppecirnens developing this pechanism, the
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set of values of Y, a and	 giving the lowest value for H are
respectively
a = 0.77
Y = 1	 and from equation (ha)
2(aM	 + (a + l)M	 + M )
=	 2y(1 + a _2aZY)j
The value of	 giving the lowest value for H is that when the maximum
of Y 2 (i + a - 2a 2Y) is reached within the physical limitations. Thus
may be simply expressed for this mechanism as
l.54M + 3.54M	+ 2MP1	 P3	 (23)
=	 0.45f .t9,
ci
and is part of the solution.
Calculating	 from equation (23) and substituting its value and those
of a and Y (i.e., a = 0.77 and Y = 1) in equation (9b) will give the
minimum plastic loads for the infilled frames which developed this
mechanism.
6.3 ANALYSIS OF NECHANISM 2
6.3.1 Determination of Angles of Rotation
From figure 6.1(b), if 13 and y are small then iV =
0 =	 =
= ( - ')0 , giving 13 =	
t)
and.	 9, " y' = (9 - ")0 , giving ' =	 -
£"
The hinge rotations are as follows
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atB,
atF,
atD,	 6+y
and at G, 0 + y
6.3.2 Dissipation of Energy in Infilled Frame
As for the previous mechanism, the work done on the infilled
frame is taken as the sum of the work done on the frame and that done
on the idealized tapered diagonal strut. The frame plastic work can
be expressed as
Wf =M	 (o+) +M (0+) +M (O+y) +M (0+y)
P2	 P3	 P#	 p5
= (M	 + M )1i +	 - ')1 0 ^ (M	 + M )1l+ (i	 it?)]
P2	 P3 1	 i	 J	 P4	 P5 t.
Putting U = X 1i and i" = X 2i gives
1M +M	 M +M )
=	 P2	 P4	 (24)f	 X1	 X2	 j
To find the work done on the diagonal strut, a uniform plastic
pressure against the frame is assumed as shown in figure 6. 5.
v
U
FIGURE .6.5: tPLASTICT DIAGONAL STRUT FOR MECHANISM 2
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(25)
(26)
Along the lengths 	 BF and DG, the pressure is taken as
	 The
work done on the diagonal strut may be split as follows:
(a) movement on length B
W. = yf xUtx
	 xii	 pci.	 2
= Y f ±t9' 2X 1(l - x1)0
(b) movement on length DG
W. =yf x ttx	 xy12	 p ci	 2
= y f .t2. 2X 2 (l - x2)0
p ci
Thus the total strut work is
W. = W. + W. = y f .t2 2 (X 1 - X + X 2
 - X)o	 (27)it	 11	 12	 pci
The work done by the external load is
H = H hO
p
	
Thus the final work equation is
H hO = W + W.
p	 f	 it
ft +M	 M +M
- P2	 P3	 P4	 P50
-	 x1
+ 'pci2' - X + X 2 - x)O	 (29)
giving
fM	 +M	 M	 +M	 .
H = P2	 P3 + P4	 Ps+.1y f	 (x1 - X + X 2-X)	 (30)
2	
jh	 pcih
Putting X 1 =	 X (justifiable from photographs) in equation (30) we
obtain
(28)
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M +M +M +M	 £2
	H	
p2	 P3	 P4	
'5+yf.t—x(1-x)	 (30a)
	
p	 Xh	 pcih
6.3.3 Minimization of H
As for mechanism 1, the pena1tr factor, y, may be taken as a
variable in equation (30a) or as a constant (i.e., from Wood's curve).
(a) Case 1. Penalty factor, y, taken as a variable
Equation (30a) is thus expressed in terms of two variables X and y
P
The procedure to minimize H is as previously describd jn section 6.2.3.
p
-(M +M +M +M
P2 P3	
+ y f .t— (i - 2X)	 (31)pcih
—=f tL(x2_x)
cih
p
setting the two equations above equal to zero gives
M +M +M +MI x(i - 2X) = P2	 P3	 P4	 P5
	yf	 2	 (31a)
pci
1 X 2 X0	 (32a)
setting (32) equal to zero yields (32a) because f , t, £, and h are
all different from zero. The solutions for (32a) are X = 0 and X = 1.
The first one is outside the permisib1e range (0 < X 1). The
second one yields a negative value for y which is a physical impos-
sibility (0 < y
	
1).
(b) Case 2. Penalty factor, y, taken as a constant
In this case
	
	 = 0 and only equation (31a) remains. If y is
ay
taken from WoodTs curve	 for instance, this may be substituted in
(32)
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equation (31a) to yield a value for X. The left hand side of equation
(31a) is plotted graphically against X in figure 6. 6. The right hand
side of equation (31a), for a fixed value of y, is a constant and may
be represented by a horizontal line in figure 6.6. The intersection
of the curve with the line will give the solution for equation (31a).
There may be one, two or no solution for equation (3la) depending on
whether the line intersects the curve or not. If the line is tangential to
the curve then there is one unique solution which may be substituted
in equation (30a). So for a fixed value of 	 there may or may not be
a corresponding value for H. In the affirmative this solution may not
yield the minimum value for H. So recourse should be made, as for
mechanism 1, to a trial and error analysis where y is made to vary
between 0.1 and 1.
6.3.4 Numerical Procedure for Mechanism 2
Since for a fixed value of	 equation (3la) may not have a
solution or even when this exists it may not yield the lowest value
for H then it would be appropriate to vary )' from 0.1 up to 1 and
proceed as in the previous section (ease b). Thus for different values
of y, there is a series of parallel lines which may be represented in
figure 6.6. The minimum value of H is found to occur when the maximum
of the left hand side of equation (3la) is reached. This corresponds
to the case where there is one unique solution for equation (3la)
(line is tangential to the curve in figure 6. 6). The detailed
calculations are given in Appendix E. The value of X giving the
maximum of the left hand side of equation (3la) is thus obtained by
differentiating X 2 (l - 2X) with respect to X and setting the derivative
equal to zero.
2X - 6X 2
 = 0 => X =
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Putting X 
= ^ in equation (31a) yields
27(M +M +M +M )
=	 P2	 P3	 Pt	 5	 ()
p.
Ci
6.4 COMPARISON WITH TEST RESULTS
Substituting a = 0.77 and Y = 1 in equation (9b) and X = 0.33 in
equation (3Oa) yields the predicted plastic loads for the two mechanisms.
These are given by
O.77(M	 + M ) + M	 + M
H	 =	 P1	 P2	 P3	 + O.58y . f .th	 (34)pai	 O.77h	 pu ci
-
and
-
3(M +M +M +M )
H	 P2	 P3	 Pz	 PS +	 • f .t—	 (35)pa2	 h	 9p12c1 h
-
where
H	 and H	 are the plastic loads obtained from the numericalpa	 pa2
analysis and y
	
and y . the penalty factors to allow for the ideal-P11	 P12
ization of plasticity in the infill for mechanisms 1 and 2 respectively.
The latter are given by equations (23) and (33) respectively.
l .54M	+ 3.54M + 2M
P1	 P2	 P3
'pii =	 O.45f .t22
ci
(23)
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27(M +M +M +M )
P2	 P3	 P1+	 P5
1P2 = C].
The predicted plastic loads are compared to the test results in Table 6.1.
From this table, it can be seen that the ratio of the plastic load
obtained from experiment, Hpe to the one obtained from analysis, Hpa
varies from 0.48 to 1.70 for mechanism 1 and from 0.48 to 0.87 for
mechanism 2. But for the specimens which actually developed mechanism 1,
this ratio varies from 0.48 to 1.28 and for those which developed
mechanism 2, it varies from 0.56 to 0.87. From the same table, it can
also be seen that for some specimens, the analysis fails to predict
the plastic load for mechanism 2 because the value of the penalty
factor, 1pa' is otuside the permissible range (0 < 'pa 1). The
reasons for the discrepancy between the analysis and the experiment
might be attributed to the following factors:
(i) The plastic analysis assumes full ultimate moments of resistance
for frame members whereas in the tests most of the hinges which formed
failed to develop this full capacity because of the limited ductility
of reinforced concrete frames.
(ii) The strength of the joints particularly for IHM3 and ICM3 is
low because of the disposition of reinforcement in the opening corners
as discussed in section 4.7. This strength should be around 20% that
of the adjacent members according to Taylor's tests [5'fl on opening
corners.
(iii) The calculations of the ultimate moments of resistance, M, did
not take into account the axial loads in frame members because these
are not know a priori. This overestimates particularly the plastic
(33)
- 168 -
'-I
440
0)
0H HH •d0
.4-'00) 0
-C
-I-'
'-I
41)
-a
'C)
H	 1,
'a	 2)
Ui
0H HH
a)01-IH>21
H
A
a)
49
a'
0
C)U)
EU
)1)
00)
.4-)
a)C)
-'-I
'O
C
H
0)
x
-'-I
"4
"'4
0
0
(0
4-)
EU
0U
C)
CO
HP.
440
0
a)
0,
HC-)
(9
40
C)
H(NC')
C)
a'
.4-)0
H
0
El
(0
+1
0
a
	
"-I
0
	 (2
EU
rC)
CO
'4	 COHP.
640
'tj5 -
	C
-'-I
040
C)
'-4
'-I
".400
'a U,08-4-'
	
4-(.dG)	 (\41	 H	 H	 ,-1	 ('4	 H	 ('41
41)0
'Ii 41' 1-4H U4-4
'4\	 a' 4	 0 C'\ N	 4	 N ,-
	
>2	 '\ 'P	 03 0 H	 'P '4	 a')	 ("4
	
'-'	 .	 I	 I	 .	 •	 I	 I	 I
	41)	 0 0	 0 H H	 0 0 0	 H
0 '4 0 H 0 0	 N 0 U\ 0
U	 ">2	 ("4	 H"HH	 I'OHO'H	 sill
	
P.	 N N N N N N	 0 C) 0 0	 N
	
>2	 H H H H
N	 L(\ C) (C) 0 0 ('41 a'	 fl H '4\ 0' 0' 0' H '4	 C\
	
0	 C0)	 (C) ('\ (t\ CU\ ('\ ('41	 N	 N	 0)	 N	 N 0	 0	 03	 '4	 ('(
	
P.	 d d d d d c r' d d o d ,- - ,' c' d d
0)	 '0	 c'41	 ('4	 N
	
0)	 '4	 '4\ N 0)	 03
	
41)	 C)	 0 0 0	 0
	
0)P.	 ('41
>2
	
_____	 -- U)H
	
-	 0 '4 -4 '4 '4	 N0
	
p.	 I	 'C) H '4 H H	 I	 I	 I	 I	 I	 I	 I	 i	 '4	 0)
	0) -	 0 C) 0 0 0	 0 4)H .-I H H H	 H
o	 '	 ,-	 a'	 H	 CI
	>2	 C) N 0 N N	 a'N '0 N '0 '0	 '0
a' '0 c'- '0 '0	 a'
I	 4
	>2 —	 C" ('\	 ('\ CU\ (\
	
0	 '4 a')	 C'	 0) C.-\ r'\ -4 c" N 'P N so (C) (C) (41(41 N -4 N '4 -4 N H 0 H 0 (C) 'C) 'C) 0 sO
- d d c d d ,- .- - 4,4	 ,4 4 4c
	P. 	 0 C'	 r'\ sO	 sO	 \ C\ N a' -	 0' 'P
	
0)	 0' 0)	 N H '4 C.)	 (C) c' 0) N N 0' sO ('
I ,4r,4ddddH
0)0
O	 'P N '0 (C) ('4 (' 'C) a- '0 0 N U) H as H N
a)
	
p.	 ('1 ("4 ("4 U) U) U) U) U) U) '4 4	 '4 ('41 '0
	0)	 -	 H
	
()	 U) CI) 4 0 '0 '0 a') H H U) U) 'P sO N -'4 03
	
p.	 H 0 C) H 0 0 H H H H H ('4 H H U) H N CNO
O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 O H
	II 	 II
	
I),	 C' a' 4	 a' a' o -'4 1	 as U) 0) -	 'C) -4 03 (t\ 0 0
'	 "4	 H -'4 N N	 0 a' C'1 0) 'C) '0 -'4 a' 4
	0 	 r-rd	 ,4d,4cdddo
	>2	 H
_____	
-- >2C')
	
0)	 -	 U) U) U) '4 -4 '4 'C) 'C) 'C) 'P sO CX) CC) CX) a') 0'
	
'	 C'	 ('1 H U) "4 '-'4 'P H H a' 0' H CX) H
1
	
>2	 ('4 (' ('41 C') C') U) U) U) U) '4 H 41" 0) 'C) ('1 'C)
	
a)	
-	
H -'4 a' 0 'C) 'C) 4 a' -4 C') 0 0 CCC 9 ,.4 CI)
('4s0	 (500)	 '4(0
-1 -1 H H H H H H H ('41 H	 ('4	 'C) U)
	
0	 a'	 H '0 '-'4 Cl) CI) '(5 '0 sO CI) 0) N U) '4 a' (C)H ,-4 0 H 0 0 ('41 H H H H U) ('4 ('41 '-C ('4
o dddddddddd00000
	'a 	 I	 *
	
000	 *	 *	 *
	
HCC30	 H H H H H ('4 (N ('4 (N (N C') C') U) '-'4 (C)
	
HO C)	 >2 C/) >. CI) Cl)	 >2 >2 >2 >2 '	 >2 >2 >2 >2p3	 0) 0) C.) C.) C.) =	 >2 4) C.)	 C.) 4) C.)
	
64 CX	 I-I H -4 H H I-I H H 4-I H I-I H H H H
H C)
- 169 -
moment,	 in the windward (tension) column.
(iv) The limited ductility of the frame was particularly pronounced
for the specimen with deep beams, ICM4. Its beams remained almost
straight and only minor flexuralcrcks occurred.Thi.s would explain why the
analysis predicted such a high plastic load.
Cv) The effect of workmanship is also very important as discussed
in section 4.7 and has a direct influence on the strength of the
infilled frame.
Thus for design purposes, the method would be reliable if the following -
changes are operated:
(i) The plastic moments of resistance of frame members should be
taken as 70% of the calculated ultimate moments. This effectively
introduces a penalty factor, 1pf' to allow for the limited ductility
of reinforced concrete frames.
(ii) The use of the appropriate moment of resistance of the joints.
(iii) Since the analysis assumes an idealized tapered diagonal strut,
the compressive strength of the infill to be used is that appropriate
to diagonal loading, fdi. This may be taken as 80% of the value for
vertical loading, f. (see Table 5.7).
(iv) If the value of	 is still greater than 1 then it would be
safe to estimate the plastic load using equation (34), with y.
obtained from equation (23).
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CHAPTER 7
CONCLUSIONS
7.1 OVERMJL BEHAVIOUR OF REINFORCED CONCRETE FRAMES WITH BLOCKWORK
INF ILLS
7.1.1 General Influence of Infill Panels
The use of even a low strength and low modulus infill material
(i.e., blockwork infill) inside a reinforced concrete frame was
found not only to increase both the initial racking stiffness and the
strength of the open frame but also to delay the occurrence of cracks
in the frame and to reduce the sidesway at peak load and at the onset
of plastic collapse. For the 100 mm square section frames tested,
the initial racking stiffness increased by a factor ranging from
5.9 to 14.0, the increase in strength by a factor ranging from 2.2 to
7.8 when the plastic loads are compared and by a factor ranging from
2.4 to 8.6 when the peak loads are compared. The cracking strength
of the open frame increased by a factor ranging from 2.5 to 12.3.
For the specimens tested the frame cracking load for the infilled
frames was found to be higher than the peak load of the corresponding
open frame. For the specimens subjected to racking load only the.
ratio of the two loads varied from 1.1 to 2.4. For the specimens
subjected to combined loading this ratio varied from 1.9 to 5.5. The
reduction in sidesway deflection when the plastic stage was reached
ranged from 25 to 73%.
7.1.2 Load/deflection Response
The general load/deflection iesponse of infilled frames of this
type may be characterised as follows:
The response is linear elastic until the frame cracks. This is
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generally accompanied by a drop in stiffness. In the meantime per-
ipheraJ. cracks will have occurred in the unloaded corners. For some
infilled frames, however, these cracks occur at the same time as those
which develop in the frame. Following the cracking of the frame, the
response remains linear until the infill cracks. The cracking of the
infill is accompanied by a further drop in stiffness. The response
becomes slightly non-linear due to increasing amounts of cracking
both in the frame and the infill until the peak load is reached. Peak
load frequently represents an unstable condition and may be followed
by a sudden drop in load. Provided the column strength is such that
tensile failure does not occur, the load then stabilizes to yield a
plastic plateau. The length of the plateau is governed by the
behaviour of the frame at large deflections. For those frames in
which ultimate failure was due to shear in the windward column, the
length of the plastic plateau was relatively short, whereas in the
frames in which flexural failure occurred there was a long plateau.
For the frames tested, the ratio of the plastic load to the peak
load ranged from 0.81 to 0.99.
7.1.3 Modes of Collapse
A number of different modes of failure have been identified on
the basis of the behaviour of the bounding frame. Most of the infilled
frame failures involved the formation of a mechanism in which flexural
failure of the reinforced concrete frame occurred at various locations.
In addition to these modes of failure some frames failed either in
shear or due to tension in the windward column. Two plastic collapse
mechanisms have been identified as representing the normal behaviour
of the majority of the frames. The first is associated with the frames
subjected to racking load only and the second with combined vertical
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and horizontal loading. For the two mechanisms, the infill appears
to behave as an idealized tapered diagonal strut with the maximum
width at the windward end.
7.1.4 Comparison with Steel Frames
The response of a reinforced concrete infilled frame differs
from that of a steel infilled frame for the following reasons:
(a) Limited ductility of reinforced concrete frames.
(b) High sensitivity of reinforced concrete frame due to tension, and
to shear stress in the frame due to the exerted pressure by the
infill.
Cc) Existehce of a relatively better bond between the infill and the
frame, thus only peripheral or boundary cracks developed in the
unloaded corners instead of the neat separation described by inves-
tigators who tested steel infilled frames. There was also no
evidence of slip between the frame and the infill.
7.2 PARAMETERS AFFECTING BEHAVIOUR
7.2.1 Vertical Loads on Columns
The application of vertical loads on columns results in a sub-
stantial increase in stiffness and strength and can lead to a different
collapse mechanism. The effect of the vertical load is to suppress
the cracking and formation of hinges in the windward column.
7.2.2	 Infill Thickness
The infill thickness has a direct effect on both stiffness arid
strength. The thicker the infill, the stiffer and the stronger is the
infilled frame. The use of a thicker infill also delays the occurrence
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of cracks both in the infill and the frame.
7.2.3 Workmanship
The quality of the workmanship used in the construction of the
infill walls can have a great influence on the stiffness, cracking
load arid strength of this type of infilled frame. This influence
may be great enough to negate expected increases in strength and
stiffness when thicker infill panels or stronger frames are used.
• 7.2.4 Frame Member Sizes and Reinforcement
The effect of amount of reinforcement in frame members may be
pronounced only when the frames are used in combination with thin
infill panels. A substantial increase in the strength and stiffness
o'f either the beams or the columns may result in a considerable
increase in strength. The stiffness of the in.filled frame, however,
depends to a large extent on the stiffness of the infill rather than
that of the frame.
7.2.5 Reinforcement Detailing
The results for the two specimens without diagonal links in
the opening corners show that the detailing of the reinforcement can
have a significant influence on strength. This confirms the work of
Taylor et al E57-5 on the importance of disposition of reinforcement
on the strength of frame joints. Thus, for these two specimens the
frames contributed less to the overall strength. The effect of rein-
forcement detailing combined with that of workmanship may produce
results well outside the general trend.
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7,3 METHODS OF ANALYSIS
7.3.1	 Initial Racking Stiffness
For this type of structure, a conservative but reasonable method
of predicting the initial racking stiffness is to treat the infilled
frame as an equivalent pin-jointed frame with the infill replaced by
a diagonal strut whose width is equal to-o.f its length. The modulus
of elasticity should be that relevant to diagonal loading and this may
be assumed to be 80% of the value for vertical loading.
7.3.2 Cracking Strength of the Infill
The tensile and shear strength of the infill may be as above
predicted respectively by Mainstone's method [20, 46J and that due to
S. Smith and Carter [3J . The cracking strength would be the smaller
of the two predicted values.
7.3.3 Ultimate Strength
The ultimate strength may be predicted using the proposed method
based on a plastic analysis for the frame and an idealized tapered
diagonal strut. The following factors are important:
(i) The plastic moments of resistance for frame members should be
taken as 70% of the calculated ultimate rnoment.. This effectively
introduces a penalty factor, 
•1pf' to allow for the limited ducti]ity of
reinforced concrete frames.
(ii) The compressive strength of the infill to be used is that approp-
riate to the diagonal loading. This may be taken as 80% of the value
for vertical loading. The penalty factor, y1, introduced to allow for
the idealization of plasticity in the infill,is found as part of the
solution and its value is determined analytically.
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¼7.4 FURTHER WORK
Ivestigations can be carried out to cover
- multistorey infilled frames
- multibay infilled frames
- infilled frames subjected to combined loading for different values
of vertical loads
- infilled frames covering an important range of variation in frame
member stiffnesses and strengths
- infilled frames with different infill strengths
- St_ud o mSorc-j .ature
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APPENDIX A
-	 SCHEDULE OF REINFORCEMENT
The details of the different arrangements of the reinforcement
used are given in figures A.l to A.4. The reinforcement details for
frame type 5 have been given in figure 3.6. The changes operated in
the disposition of reinforcement were necessary to ease the construc-
tion of the reinforcing cage and to avoid the problem which occurred
in the windward column extension of IHM2. The fact that the reinfor-
cing cage was not welded to the tube led to a premature failure of
the frame as discussed in section 4.4.3.
- 177 -
P4
Scale 1:10	 Dimensions in mm
Mk4
	 welding
Mkl
MkS
15inks Mk5at55c/c
>-Mk2
Mk5
Mk3
Mk5
	
Mkl	 Mk5
Mk4
2 NoMk3
6mm
4Z 2No.Mk2	 8NoMkl
6mm	 q56mm
I	 I
L No Mk 1.
cb6mm
°Ifli30
-9o-l4-f
6NoMkS
325mm
N.B.
Frame 2,8mm
Frame 3, 10mm
FIG.A1 REINFORCEMENT DETAILS FOR FRAMES 1,2 & 3
Mk6
Mk7
Mk4
120
rL
LNo.Mk5
325mm
Scale 1:10 Dimensions in mm
3055	
-. Weldingt1 240
Mk5
Mk7,	 Mkl'	 Mk7
MkG
	
Mk6
15 links Mk6 at 55 C/c
Mk3
	 Mk3
Mk2
	
Mk2
15 links Mk7at55%
Mk6-
,7 Mkl	 Mk7 -
___ HL
ft240
Mk5
N.B. ICM2 without Mk4;0C2 Mk6Mk7 and Mk3
H	 .O7	 615i990^615
2 No MkL.
c8mm
0
a.)
L.NoMk3
	 8mm	 2 No. Mk1,8mm
990
2No.Mk2,8mm
9_74
(I
Opening corner detail
_	
I[[]'	
__
I_____
3ONo.Mk7	
''Mk5	 Mkl325mm
607	 Mk3J' Mk2
ri1
30 No. Mk6
325mm
FIG.A2 REINFORCEMENT DETAILS FOR EARLY FRAMES 2
0i
ci
Sca.e 11O Dimensions in mm
• WeLding
1 NoJ'4k2
1Omm	 SNo. Mkl	 1Omm
830
99Q
60 No.Mk/4
325mm
JI]
90	 Opening corner detail
Mk4
FIG.43 REINFORCEMENT DETAILS FOR IHM3 AND ICM3
3055
I-tH
- Mk5
Mk 6
'-Mk2
Scale 1:10 Dimensions in mm
• Welding
Mkl	 Mk5
15 Links Mk5at55C/c
Mk6
Mk3
15 Links Mk6 at55C/c
Mk6	 Mk6
Mk5	 ,Mkl	 Mk5
Mkl.
2No.Mk2
z6mm
N
cn
_jIso
i,.so_I
2 No.Mk3	 8No.Mkl	 10mm
'S.
6mm ______________
9 o
fl NoMk4 30No.Mk5325mm30 No. Mk610mm 325mm1H1 _
o k0. 1 -	 ___
-	 Opening corner detail
/N/1
\ 1 -Mk4	 Mk 1
--
Mk2
FIG.A L.	 REINFORCEMENT DETAILS FOR FRAME 1.
APPENDIX B
ACCURACY OF READINGS
B.l ACCURACY OF INSTRUMENTS
The accuracy of the load-cell readings has been estimated by
four methods. That of the jack, the two L.V.D.T t s and the electrical
demec gauge by two methods. These methods are summarized below:
(i) If n is the reading in millivolt, division or microstrain and
K is the calibration factor of the instrument and S.D the standard
C
deviation of the calibration factor then the accuracy may be expressed
as	
rA±5Dc)xn I
Thus each reading is given to ± the standard deviation of the calib-
ration factor.
(2) If the output for the same load, deflection or strain is taken
n times, then the accuracy may be expressed as
A = K x SD
n
where SD is the standard deviation of n readings.
n
(3) The data-logger output is given to the hundredth of a millivolt
but for the purpose of this calculation, AV is taken as 0. 5j.t volt.
The output formula for full wheatstone bridge is
= (i	
K c E
where E is the input
o	 N
c : strain = 
-r =	 =
5	 5
A : area of load-cell
E: Young's modulus for load-cell
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K : gatige factor
Ii : Poisson's ratio
and N : axial load
For the two load-cells used
B =5volts
A = 491 mm2
K	 l.78
E = 200 KN/mpj2
i-i = 0.3
AV=O.5xlO6volts
Thus N is given to ±9N
(4) Using the same procedure as in (3) but with V equal to the
standard deviation of n..readings for the same load. This standard
deviation was of 2p volts for load-cell 1 and l.2ii volts for load-
cell 2. The accuracy of the readings for all the instruments used
and the different calibration factors have been given in Table 3. 7.
B. 2 ACCURACY OF STRAIN NEASUREMENTS FROM PHOTOGRAMMETRY
The way to measure the strains using photogrammetry techniques
is to compare thephotographs taken at different stages of loading
with that taken before the load is applied. For the specimens
tested, the scale of the plates was 1 : 24.7 and each coordinate
was given to ±5 microns. Thus each length on the plate is given to
±l0I!.
	
Ao	 Bo	 A1	 B1
	
I.	 ___________
Stage 0	 Stage 1
The actual strain is given by
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Li -
(1)C =
a	 Lo	 L
The estimated strain is given by
(L	 ± lop) -
	 Op ± lOp)	 (2)
= ________________
es
(L0 ± lOp)
where	 are the lengths on the plate. The actual length
is 100 mm and since the plate scale is 1 : 24.7 then L 0 = 40481-i.
Equation (2) can be rewritten as
(L	 -L )±2Op
=	 ip	
(3)
es	 L	 ±1	 -
dividing both the numerator and the denominator by L and since
L -L
ip	 op -
	 = C
L	 L	 a
op	 .0
then
C	 = a
C ± 49.4 X 10
	
(4)
es	 1 ± 24.7 x l0
Thus the possible values for Ces are
O99Ca + 49•3 x l0
O99Ca	 x 10
1•00C +	 x l0
l0OC - 49.5 x l0
Thus the strain measurements from photogrammetry are given to ±4900p
strain. These measurements were recorded from Carl Zeiss lena 1818
stereocomparator using one component.
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APPENDIX C
LOAD-DEFLECTION GRAPHS IN THE INITIAL STAGES AT AN ENLARGED SCALE
These load-deflection diagrams are given in figuresC.l lo C.3.
These large scale plots eased the calculations of the different
racking stiffness values, prior to cracking of the frame, after
cracking of the frame and after cracking of the infill.
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APPENDIX D
STRAIN DISTRIBUTION OVER THE INFILL
The strain distribution for the three types of inf ill, W, M and S
used in combination with the weakest frame type 1 are given in
figures D.l, D.2 and D.4. Figures D.3 and D.5 show the strain dis-
tribution over the infill after application of vertical loads.
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APPENDIX E
NUMERICAL ANALYSIS
Li MECHANISM 1
Table E.1 gives the detailed calculations for a specific value
of a = 1 for a typical infilled frame, IH11l, which developed mechanism 1.
This worked example is necessary to illustrate the way of proceeding.
The values for the different moments of resistance are respectively
M	 =M	 =3.1KN.rn
Pi	 P3
M	 =M	 =0.8x2.62.1KN.m
P2	 P
The values of M and M have been reduced by 20% because there are
P2	 P3
the moments in the opening corners. The effect of axial loads on
frame members is not taken into account when estimating the plastic
moments of resistance of frame members because these axial loads are
not known a priori.
The compressive strength of the infill material is
= 7.8N/mm 2
 (Table 5.7)
For a = 1 (i.e., X = Y) , equation (lla)
y2 (i -	 = M + M + 2M /y f .t92
Pi	 p3	 p2 P Cl
The left hand side of this equation is plotted graphically in figure
6.4 and the right hand side is given in the secoid column of Table E.l
for different values of y.
The procedure used for the case of a = 1 is repeated for
different values of a. The results are summarized in Table E.2 and
these are plotted against a in figure E.l.
- 183 -
ForY 1
	ForY2
R.H.S.	 _____ _____ _____ _____ ______ ______
I	 Of
EqU(a)	 Hf	 H	 H	 Hf	
Hi	 H
Yl	 Y2	 (Kii) (Ki) (KN)
	 (KN) (KN)
	 (KN)
OJ0.460	 -	 -	 -	 -	 -	 -	 -
0.2 0.230	 -	 -	 -	 -	 -	 -	 -	 -
0.3
	
0.153	 -	 -	 -	 -	 -	 -	 -	 -
0.31 0.148*	 0.67 0.67 15.4 34.3	 49.7 15./f	 34.3	 49.7
0.4 0.115
	
0.46 0.83 24.8 35.2	 60.0 13.8	 48.2	 62.0
0.5 0.092	 0.39 0.87 29.3 39.0	 68.3 13.1	 61.1	 74.2
0.6 0.077	 0.35 0.89 32.7 43.0
	
75.7 12.8	 73.6	 86.4
0.7 0.066	 0.31 0.91 36.9 45.6	 82.5 12.6	 86.2	 98.8
0.8 0.058	 0.28 0.91 40.8 47.9
	
88.7 12.6
	
98.6 111.2
0.9 0.05]..	 0.26 0.92 44.0 50.6	 94.6 12.4
	
98.9 111.3
1.0 0.046	 0.25 0.93 45.7 54.3 100.0 12.3 123.6 135.9
Notes:	 (i) Y 1 and Y2 obtained from intersection of right hand
side of Eq(lla) and curve in figure 6.4.
(ii) - The horizontal line and the curve in figure 6.4
do not intersect
(iii)* The horizontal line is tangential to the curve
in figure 6.4
(iv) H = H + H. equation (9b)
p	 f. 1
TABLE E.l: HFOR TEST PANEL IHW1 FOR a = 1
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H	 H.	 H =H +11.
	
a	
'.1	 f
	(Ki)	 (icic)
	
0.50	 2.00	 -	 -	 -	 -
	
0.75	 1.04	 -	 -	 -	 -
	
0.77	 1.00	 0.18	 13.1	 26.3	 39.4
	
0.80	 0.94
	
0.20	 13.7	 28.0	 41.7
	
0.90	 0.78	 0.25	 15.5	 30.7	 46.2
	
1.00	 0.67	 0.31	 15.4
	
34.3	 49.7
	1.25	 0.48	 0.48	 21.4
	
4.2.9	 64.3
	
1.50	 0.37	 0.67	 25.7	 51.3
	
77.0
	
1.75	 0.30	 0.88	 29.9	 60.1	 90.0
	
1.90	 0.27	 1.00	 32.3	 64.6	 96.9
	2.00	 0.25
	
1.10	 -	 -	 -
Note: - valuesoutside the permissible ranges for
Y andy, 0 < Y land 0 < y	 1
TABLE E.2: PREDICTED PLASTIC LOAD FOR TEST PANEL IHW1 FOR DIFFERENT
VALUES OF a
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E.2 MECHANISM 2
Table E.3 gives the detailed calculations for a typical infilled
frame, ICN1, which developed mechanism 2.
For X
	 For
	
R.H.S.	
H	 H.	 H	 H	 H.	 H
of	 f	 p	 f	 p
	
Eq31(a)	
1.	 2	 (Ku) (KM) (KN)	 (KN) (IcN) (IcN)
0.1	 0.282	 -	 -	 -	 -	 -	 -	 -	 -
0.2	 0.141	 -	 -	 -	 -	 -	 -	 -	 -
O.3
	
0.094
	
-	 -	 -	 -	 -	 -
0 .4	 0.071	 -	 -	 -	 -	 -	 -	 -	 -
0 . 5	 0.056	 -	 -	 -	 -	 -	 -	 -	 -
0.6	 0.047
	
-	 -	 -	 -	 -	 -	 -
0.7	 0.040	 -	 -	 -	 -	 -	 -	 -	 -
	
0.76 0.037*	 0.330 0.330 34.3 68.3 MO2.6 34.3 68.3 102.6
0.8	 0.035
	
0.285 0.375 40.1 66.0 106.1 30.5 75.9 106.4
0.9
	
0.031	 0.250 0.405 45.7 68.3 114.0 28.2 87.7 115.9
1.0	 0.028	 0.225 0.420 50.8 70.5 121.3 27.2 98.6 125.8
Notes:	 (i) X1 and X 2 obtianed from intersection of R.H.S. of
Equation (31a) and curve in figure 6.6
(ii) - The horizontal line and the curve in figure 6. 6
do not intersect
(iii) * The horizontal line is tangential to the curve
in figure 6.6
(iv) H = Hf + H1 equation (30a)
(v) For value of	 = 0.31 from Wood's curve
There is no solution for equation (30a)
TABLE E.3: H FOP. TEST PANEL ICM1
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